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Introduction 
In the count r ies , where water management pro jec ts have a l ready been in 
existence for a long t i m e , a vas t knowledge is available concerning the ru les 
and constants governing the react ion of the growth and productivity of c rops on 
soil and water conditions. This knowledge is par t ly founded on soil physical 
and plant physiological exper iments and observa t ions , another pa r t r e s t s on 
experience gained in the field. P r o p e r t i e s of impor tance for the design but 
varying from field to field as permeabi l i ty and mois tu re retaining capacity, 
general ly will be m e a s u r e d . P rope r t i e s with a regionally more constant nature 
as rainfall and evaporat ion, often will be dealt with along empir ic l ines . 
Often the project engineer will have to make plans for a r e a s where the 
validity of design constants derived from empi r i ca l exper ience i s no longer 
ensured . This will not only occur within the Nether lands , where water manage-
ment p r ima r i l y was developed for a rab le clay soi ls and now is applied to other 
conditions as sandy so i l s , hor t icu l tura l land or o r c h a r d s . Here the e a r l i e r ex-
per ience will not neces sa r i l y hold. The soi ls may differ considerably and more 
expensive c rops will requi re more intensive and more costly solut ions. 
Even more poignantly does the problem of t r ans fe r of knowledge and experience 
show up in pro jec ts in the developing count r ies , where soi ls and hydrology, c l i -
ma te , c rops and economy a re vastly differing from the situation in the country 
where the experience is gained. Here the project p lanner has to decide what 
par t of his exper ience and knowledge still will hold. 
The answer that all the r e s e a r c h for these different conditions will have 
to be done al l over again is not acceptable . It is of importance therefore to 
question what the ru les of t r ans fe r of exist ing knowledge to other environments 
a r e and what can be done to shape the r e s e a r c h in countr ies with advanced water 
management exper ience in such a way, that t r ans fe r to a r e a s where th is expe-
r ience is lacking is poss ib le . F o r such a t r ans fe r it will not only be neces sa ry 
that the resu l t is sufficiently accu ra t e , but it a lso will have to satisfy r e q u i r e -
ments of s implici ty and manageabil i ty. The last r equ i rement s l imit to a large 
extent the freedom of evolving theor ies which allow an easy t r a n s f e r . 
. 2 
General ru les of trajcisfer 
The c lass ic rule of t r ans fe r i s , to reduce re la t ions to accura te and 
general ly accepted functions or approximations and to avoid sys temat ic 
e r r o r s . As an instance may be mentioned the incompressabi l i ty of water 
and the l inear Darcy- law on which the hydrology is based. Another rule i s , 
that the constants should be reduced to absolute physical constants or should 
be based on d i rec t m e a s u r e m e n t s . This min imises the random e r r o r s . 
In water management r e s e a r c h , as in all comprehensive p r o b l e m s , the 
influence of the availability of t ime , money and spec ia l i s t s will have to be 
added to the usual r equ i rement s of the c lass ic type of r e s e a r c h . The gain 
from additional accuracy has to be set against the additional t ime that will 
be requi red or against the availabili ty or the cost of a be t te r expert to c a r r y 
out the r e s e a r c h . This may change the cha rac t e r i s t i c of select ion of the 
method from those of scientific elegance to those of an acceptable increment 
in accuracy . 
In genera l the scientifically m o r e accura te formula will provide a resul t 
with a higher degree of re l iabi l i ty . But it is known, that two formulae of 
vast ly different complexity may yield near ly the same r e su l t s over the whole 
range of va r i a t i ons . F u r t h e r , the most accura te determinat ion will often 
render the highest cer ta inty of a co r r ec t r e su l t . But it i s a lso known that r e -
sul ts may prove to be very insensit ive to e r r o r s of p a r t of the p a r a m e t e r s , 
whilst the sensit ivity for e r r o r s in other p a r a m e t e r s may be high. In such 
c a s e s , it will not be difficult to select the more efficient formula or to de-
cide on the amount of work to be spent on the accuracy of determinat ion of 
the p a r a m e t e r with a large or smal l effect. The more difficult decision i s , 
to a s s e s s which complexit ies or difficulties in the method a des igner is able 
and willing to deal with and what may be cons idered to be ent i rely the task 
of spec ia l i s t s o r sc i en t i s t s . The wide range of p r o b l e m s , p resen t in any 
comprehensive project , se ts a l imit to the intensity of the attention which 
can be given to each problem. Wide applicability of the knowledge to be t r a n s -
fered will r equ i re a m e a s u r e of attention for each aspect which holds a p r o -
pe r relat ion to the economic impor tance of that aspec t . 
The expectation that it will be possible to use data from one a r e a in designs 
in other a r e a s , will not often come t r u e . What can be t rans fe red , however , 
i s the functional relat ion between causes and effects. The constants in this 
relat ion have to be a s s e s s e d in the a r e a of the pro jec t . What further can be 
t r ans fe red i s the best way to a s s e s s such cons tan ts . This concerns not only 
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Fig. 1. Diagram of the aspec ts and in te r re la t ions of a water management 
project 
the type of observat ions that give the best r e su l t s with the smal les t amount 
of special is t t ra in ing, time and money. It also deals with the methods of 
adjustment, which make it possible to ext rac t reasonably accura te values 
for the constants from observat ions of r e s t r i c t ed accuracy . It s eems ad-
visable that c loser attention should be given to the way in which observat ions 
a re condensed to the des i red information. Attention is a lso needed for the 
way in which conclusions as accura te as possible a r e drawn from inaccurate 
data . In the t r ans fe r of water management experience emphas is should not 
only be laid on technical and physical a spec t s , but also on the t r ea tment of 
the observat ional data. 
The d iagram of re levant aspec ts 
A water management project i s based on four main aspec t s , depicted 
in fig. 1. The pa r t , indicated with A, compr i se s soil hydrology. This deals 
with the p rope r t i e s governing groundwater flow and with the p rope r t i e s upon 
which the re la t ions of soil mois ture and soil a i r in the unsaturated zone a re 
based. Pa r t B deals with the depletion of the soil mois ture stock by drainage 
and evaporat ion and its inc rease by rain or by application of additional wa te r . 
P a r t B can be split up in B^, which desc r ibes the water balance, and B_ 
descr ibing the technical m e a s u r e s developed on account of the data from 
par t B . . This pa r t B_ is today very much the main core of the water manage-
ment design and de r ives i ts importance from the fact that the costs of the 
project a re based on these informat ions . In pa r t C the prognosis of the r e -
sul ts on crop yield is l is ted, which is derived from the considerat ions in 
the p a r t s A and B . . In P a r t D a r e indicated the effects of the change in the 
availability of water on farm management and the benefits that will be de -
rived from the change in the water management situation due to the m e a s u r e s 
taken. Comparison of the costs in column B- with the benefits in column D 
make it possible to a s s e s s the efficiency of the proposed m e a s u r e s and to 
evaluate the m e a s u r e s as to the i r feasibili ty. The aim should be to de t e r -
mine with what detai l and what marg in of intensity the projec t should be 
c a r r i e d out to ensure the optimum economic effect. 
Comparing the course of invest igations as depicted in this d i ag ram with 
the usual p rac t i ca l approach, par t C and D requi re the most active attention. 
These p a r t s r ep resen t the most unpredictable ince r ta in t i e s . The yield 
prognosis in pa r t C, however., has the favourable proper ty that very much 
is known about plant growth and that it is based on invariant plant physio-
logical r u l e s , applicable the world over . The influence of farm management 
in pa r t D i s far l e s s well-known and - as it is based on human behaviour -
is not invariant . The adaptation of farm management to the mois ture s tatus 
of the field will in many a r e a s only be known ra the r superficially and will 
often be thé limiting factor for the accuracy of the expected re su l t s of water 
management design. 
This par t of the r e s e a r c h , which is making steady p r o g r e s s , is generally 
based on the elaborat ion of information obtained with ques t iona i res . This 
technique is not applicable everywhere , however, so that this subject will 
not be d iscussed in this pape r . 
The rules of t r ans fe r for the predict ion of c rop response 
The law of Darcy, bas i s of the worldwide application of the rules in hy-
drology, is a lso the bas is - together with the formally identical law of dif-
fusion - for the laws of plant response . This application of the l inear laws of 
t r anspor t of m a t t e r on other growth factors than water i s l e s s commonly 
known and applied and will be d iscussed in detai l . These crop - yield relat ions 
dese rve attention because of the limiting position that yields have in compre -
hensive water management planning. 
An important point is that a law of plant growth r e p r e s e n t s with a few 
additional re la t ions an economic production function from which it i s possible 
to derive the o rde r of feasibility of improvement m e a s u r e s , or the marg ina l 
intensity of each separate improvement activity. In its original shape it shows 
how growth factors cooperate and how beneficial effects - for instance d ra in -
ing of excess of water - can be evaluated against the harmful effects due to 
mois ture deficiency caused by such draining away of mo i s tu r e . 
The laws of the response of crops to wa te r management m e a s u r e s a re also 
valid for the solution of the normal p rob lems of soil fertility management and 
fer t i l izer application and cannot without loss of accuracy be separa ted from 
this soil ferti l i ty aspect . Because the laws of plant growth constitute the a r ea 
of contact between the technical and the agr icu l tura l specia l i s t , this a lso r e -
qu i res a d iscuss ion in some deta i l . 
General aspects of plant response 
Usually it is assumed that the plant r eac t s on the depth of the groundwater-
table . What the biological effect of this groundwater table might be - in the 
soil itself a t this level no other effect than that of a water tension equal to the 
a tmospher ic p r e s s u r e is p resen t - has never been stated and a d i rec t effect 
does not seem to exist . The plant reac t s on the mois ture s t r e s s and the m o i s -
tu re content in the root aone and on the rate of exchange of oxygen and carbon-
dioxyde between the root zone and the a tmosphe re . Because there is a fixed 
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relat ion between the mois ture content and the mois ture s t r e s s , as well as 
between the a i r content and the a i r exchange coefficient for each separa te 
soil and soil s t ruc ture condition, the momenta ry react ion of the crop on 
water management m e a s u r e s can be largely explained by the mois tu re and 
a i r content of the root zone. 
The plant , however, is not a constant entity in this re lat ion, but can 
adapt i tself to gradually changing s i tuat ions. If the groundwater table d raws 
down gradual ly , the roo ts follow the water table and the ra te of growth will 
not be affected much. The more or l e s s quick var ia t ions of the mois tu re 
conditions, super imposed on this slow lowering of the water table , have more 
influence. Exper iment fields with a constant groundwater depth general ly 
show optimal growth at very shallow, but constant, water tables which would 
cause grave trouble if used in p rac t ica l design. 
In fig. 2 the resul t of an exper iment on the groundwater level is shown, 
where the constant depth of the groundwater table allows tulips to give an 
optimal growth at a very shallow groundwater depth*. Such a resul t shows 
what p roblems the design engineer will be up to, if he r e l i e s on scientifically 
conducted exper iments with constant water depth and would construct in his 
project a r ea a drainage sys tem ensuring an optimum water depth as ob-
tained on his exper iment field. The first ra inshower would convince him, 
that a field exper iment without the var ia t ions in the groundwater table which 
normal ly occur , is not a good guide in water management design. These 
sudden changes vary from drought damage due to dess ica t ion , to mois tu re 
excess due to inundation. Whilst the slow var ia t ions in mois tu re re la t ions 
a r e sufficiently cha rac te r i zed by the water depth in s u m m e r and winter , a 
descr ip t ion of the variat ion in mois ture condition of short durat ion is r e -
quired in addition. This i s done by recording the moment and length of m o i s -
ture excess or deficiency. 
Next to a distinction in slow and rapid va r ia t ions , another distinction 
has to be made in r eve rs ib le and i r r e v e r s i b l e damage . A small degree of 
shortage or excess of water will lower the ra te of growth, but as soon as 
the unfavourable situation is lifted, the plant grows on at the original r a t e . 
The reduction of the growth rate is r e v e r s i b l e . If, however, the unfavourable 
situation is of a high intensity, impair ing the production mechanism of the 
* Valk, G . C . M , van der and J . A. Schoneveld: De react ie van tulpen op 
grondwaterdiepte en profielopbouw. Meded. Di r . Tuinbouw 
1964, 27, 12; 631-639. 
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Fig. 3. Heavy irreversible damage was done to wheat on non-sprinkled plots 
(curve B and D) by a dry week, reducing the daily increase in yield, 
which after restoring the soil moisture conditions, does not - in 
contrast with evaporation - return to its previous level 
plant, improvement of the unfavourable situation is at bes t followed by a 
slow recovery of the growth r a t e . If the production mechan i sm can sti l l be 
r e s t o r e d , the damage is slowly r e v e r s i b l e , but otherwise i r r e v e r s i b l e with 
the death of the plant as ult imate l imi t . 
In fig. 3 an instance of this i r r e v e r s i b l e react ion is given. F o r a 
sprinkled and a non-sprinkled object the daily inc rease in dry weight is 
given by the curves A, respect ively B. The curves C and D show the daily-
evaporat ion. The rainy month of May shows, that dry ma t t e r inc rease and 
rate of evaporation on the two objects a r e the s ame . June was very dry up 
to 1 8th and on the non-sprinkled field the evaporation rate and the daily dry 
mat te r production dec reased rapidly. In the last 5 days the mois tu re tension 
in the non-sprinkled soil dropped till pF 4 . 5 . Then a ra inshower of 60 mm 
res to red the soil mois tu re s ta tus . Line D for the non-sprinkled field r i s e s 
to the level of the sprinkled field and the following month, due to repeated 
rainfall , the two exper iment plots show an equal evaporat ion. The dry 
ma t t e r production of the non-spr inkled field, however, does not r e tu rn to 
i ts original level , as line B shows. In the dry week the production mecha-
nism was apparently severely damaged and in the following three weeks of 
the exper iment this damage was not r epa i red , notwithstanding that the crop 
still lived and evaporation went on at a normal r a t e . A small amount of 
water between 12 and 4 8 June presumably could have prevented the i r r e v e r -
sible damage and would have given a very satisfying rat io between amount 
of water given and yield increase obtained. 
The dist inction between steady v e r s u s unsteady water re la t ions and the 
dist inction between revers ib le and i r r e v e r s i b l e damage is p resumably of 
more decis ive impor tance for project design than up to now has been thought. 
But although the unsteady and the i r r e v e r s i b l e effects a r e of more importance 
for crop growth than the steady and the r eve r s ib le effects, the l a t t e r effects 
a re much e a s i e r to counteract . The p r i m a r y aim of project design should, 
however, be to prevent the ill effects of unsteady conditions and the i r r e v e r -
sible effects. In th is respec t it should always be r emembered that field ex -
pe r imen t s on mois tu re re la t ions and crop yield often deal with steady effects 
which a r e of r e s t r i c t ed value in project design. The be t te r the mois tu re con-
ditions were kept constant in the exper iment , the more the r e su l t s should 
be used with r e s e r v e . 
A plant physiological bas i s of water management 
The law of plant response can be based on three fundamental r e l a t ions . 
The growth promoting factors a r e taken up by the plant via a l inear p r o c e s s 
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of t ranspor ta t ion , which may be the Darcy law for mois ture flow or the law 
of Fick for diffusion. The t ranspor ta t ion velocity is given by: 
v = X 2 - X 1 
The flow res i s tance R tends to be constant. The rate of growth q is d i rect ly 
related to the t ranspor ta t ion velocity v and the factor c, descr ib ing the ra t io 
of growth rate q to uptake rate v also is near ly a constant. 
The following re la t ions hold: 
v / x2 - x 1 
q = / c q = 
c R i 2 
Vc Pi2 = a a - - * « 0 
x 2 - xi 
The value of a, equal to the inverse of the product of two magnitudes which 
tend to be constant, is near ly equal to the rat io of the growth rate divided by 
the gradient . 
That the inverse of the rat io between, x and q has to be taken, meaning 
that it is not a res i s tance but a conductivity which tends to be constant , has 
to be understood as follows. The supply of the growth factor a(x_, - x . ) is 
the independent factor, the growth rate q is the dependent factor. The plant 
reac ts according to a rat io of the yield per unit value of the nutrient supply. 
Therefore the reaction is governed by the magnitude of q/ (x? - x . ) and not 
- as might be assumed as a l ternat ive - by (x_ - x . ) / q . 
The difference a - q/(xp ~x-<) c a n D c given for any growth factor to be in-
ser ted in the yield equation. The significance of such a difference i s , that it 
r ep re sen t s a s t r e s s , which the plant has to overcome in taking up a sat isfac-
tory amount of each separa te growth factor. The l a rge r the difference i s , the 
l a r g e r th is s t r e s s becomes . Now it is assumed that the sum of the deviations 
a - q / (x ? - x . ) - the size of which indicates the degree of intensity of the 
struggle for homogeneous growth - if expressed in a relat ive scale to account 
for differences in magnitude, will be ze ro . This supposition means that this 
struggle leads to an equil ibrium situation with respec t of the combined s t r e s -
s e s . This equil ibrium defines the magnitude of the excesses and deficiencies, 
which govern the ult imate growth rate q. 
* V i s s e r , W.C. : Ein E r t r agsmode l l für günstige und schädliche Umweltfaktoren. 
Studia Biophysica 4 968. In p r e s s . 
V i s s e r , W . C . : Anwendung de r p a r a m e t r i s c h e Biologie auf prak t i sche P r o -
b leme . Studia Biophysica 1968. In p r e s s . 
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This minimum s t r e s s i s defined by: 
d 
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Integration provides an equation in which the maximum of the growth rate 
or of the uptake capacity due to the genetic p r o p e r t i e s , can be inser ted by 
assuming that the uptake of nu t r ien t s , leading to maximum growth Q, is 
proport ional to the value of this Q. So a growth equation can be obtained 
reading: 
0 - - ^ H 1 - — X 1 - — ) • • • • •*% w 
\ Q / \ a^x^ / \. a ? x 2 
The symbol F stands for the integration constant and has the meaning of a 
constant , depicting the flexability with which the plant can adapt itself to 
variat ion in the availability of the growth factors x , , x_ . . . . The formula 
should for theoret ica l reasons contain all growth fac tors , but for p rac t i ca l 
application the most important ones will do. The factors which cause damage 
to the growth mechanism of which the magnitude is represented by Q, should 
be inser ted in the formula as some function reducing the value of Q. 
The formula desc r ibes a growth rate or a dry ma t t e r increase per unit 
t ime . Field exper iments generally work with yields over the full growth 
period and to use these data it i s usually assumed that the factors a. a r e 
constant over this per iod. Is this t r ue , then the equation can be used as a 
yield function. 
.Assessment of the constants 
Graphically represen ted , the law of plant growth takes the shape as de-
picted by fig. 4 . The curves approach an oblique and a horizontal asymptote . 
This horizontal asymptote can be situated at different levels of q. In the 
s implest case the oblique asymptotes for increasing values of other factors 
coincide. The equation has the useful p roper ty , that the shape of the curves 
is prac t ica l ly identical . They only differ due to a t rans la t ion para l le l to the 
direct ion of the oblique asymptote . 
In fig. 5 upper half, the curves for the response of the crop to n i t rogen , 
obtained from field exper iments , a re given as an ins tance . If these curves 
a re shifted cor rec t ly , the observat ions become grouped along one single line, 
which sat isf ies the equation. 
( - îK' -â - ) -" 
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The level of the horizontal asymptote r e p r e s e n t s the value of Q. The inclination 
of the oblique asymptote r ep re sen t s the constant a. A few t r i a l s provide the 
value of F . 
The project r e s e a r c h e r generally will not have field exper iments on soil 
mois ture conditions and crop response avai lable . He can, however, select in 
the field a number of spots with large differences in mois ture re la t ions . By 
collecting yields every week and determining the mois tu re conditions - ground-
water depth or soil mois tu re content - at the same moment , data a r e available 
to solve the p rob lem. F o r sufficiently na r row in te rva l s of growth factor x . , 
the yields q a r e plotted against x_, and for in te rva ls of x_ the q is plotted 
against x . , On the sca t t e r d i ag rams of th is type, the t ransla t ion technique is 
applied and the constants can be found. 
This elaborat ion makes it a lso possible to t r e a t the problem when q de-
pends on more than one growth factor x . Often the invest igations will be suf-
ficiently accura te if only one growth factor i s taken into account. In fig. 6 an 
instance is given of the influence of the volume percentage of a i r on the growth 
of g r a s s on peat so i l s . This growth was determined during four success ive 
cuts and the separa te yields were plotted against the average a i r content ob-
served during the growth in terva l . Because it is known, that mois tu re condi-
tions do not influence growth according a l inear , but according an exponential 
re la t ion, the logar i thms of yield and a i r content a r e plotted against each other . 
The smal l graph, given as an annex, i s shown as a proof that r eprea ted 
yields give a be t ter resul t than total y ie lds . In the annex the sum of the four 
cuts is plotted against the average a i r content over the ent i re growth per iod. 
This integrat ion levels off the var ia t ion in the resul t ing sca t t e r d iagram and 
by decreas ing the range of sca t te r gives far l e ss convincing r e s u l t s . If one 
takes moreover into considerat ion that the growth relat ion is in real i ty an 
equation for the rate of growth and not for the total quantity of growth, the 
theory and the prac t ica l r esu l t s both point in the direct ion of taking repeated 
yield de te rmina t ions . 
.A physical bas i s of water management 
The management of the groundwater depth or the mois tu re content in the 
root zone a ims at obtaining the optimum relat ion between crop yield and seve-
ral other magni tudes . These may be the amount of water or the d i scharge ca-
paci t ies available or the costs of water management p r a c t i c e s . 
* T i t ze , E . : Der Wasse r und JLufthaushalt d e r oberen ve re rde t en Schicht des 
Klenzer Niedermoores und sein Einfluss auf den ILrtrag. 
Inaugural Disser ta t ion Rostock, März 4 966. 
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Fig . 6, Repeated h a r v e s t s , plotted against the level of the growth factor in 
the t ime interval of growth, p r e sen t s deeper insight into the growth 
re la t ions than the total growth against the average level of the growth 
factor, a s presented in the inser ted graph 
68C43.5/3.4 
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The water management conditions which should be at tained, depend for 
the i r main aspec t s on four re la t ions , rendered by the following formulae. 
Discharge 
Evaporation 
i - D 3> = F . 
) fM* (z-Si) [) f k i (z -s,) 
V 
Soil mois tu re [i-e 
profile 
De sorption curve 
4 
= F . 
<*z 
= ( i . e ^ ) . 
z + z „ k_ o s o 
Y 
- G ( P * - y ) " 
V m 
w 
(2) 
(3) 
(4) 
(5) 
Equation (2) re la tes the d ischarge JD to the p r e s s u r e head existing between 
the groundwater level z , and in success ion the water level in a nearby shal-
low ditch S , and a more distant and deeper main water course S?. All these 
groundwater levels a re expressed as depth below soil surface . The inser t ion 
of two drainage bases in the formula is in accordance with the p rac t ica l ex-
per ience that general ly two discharge effects can be observed, but a third 
level, if exert ing an effect, has too small a dra inage capacity to allow de te r -
mination. Third effects a re therefore neglected h e r e . However, limiting the 
d ischarge model to only one drainage bas i s would neglect effects of too large 
an impor tance . The relat ion between discharge and gradient is assumed to be 
l inear . Fo r drain'age with deep impervious l aye r s and large dra in d is tances 
this often will hold good. In case of tile drainage a t e r m of the second power 
of z can be added, 
s 
Equation (3) s ta tes that the evaporation rate depends on a l ternat ively the 
evaporative capacity of the a tmosphere E - a value which can be calculated, 
but often can more reliably be de termined as pan evaporat ion - or on the 
* The word evaporat ion is used as a genera l descr ipt ion for the t rans i t ion 
of liquid to vapour without any dist inction of the p r o c e s s or origin of the 
evaporated mo i s tu r e . 
. 1 
mois ture content of the root zone v . The zero evaporation appears at a 
low mois tu re content v known as wilting point. 
Fo rmula (4) re la tes the height above groundwater z and the soil 
mois tu re s t r e s s W at that point, with the velocity of capi l lary flow v . 
In this re la t ion a p a r a m e t e r z i s i n se r t ed , which indicates the level a t 
which the soil mois tu re i s ex t rac ted . 
Fo rmula (5) shows the mathemat ica l representa t ion of the desorpt ion 
curve , which re la tes the soil mois tu re s t r e s s to the soil mois tu re content. 
The four formulae together account for the d i scha rge , the amount of 
mois tu re in the profile and the evaporat ion, which,together according to the 
water balance equation, add up to the ra infal l . F u r t h e r r ep resen ted a r e the 
water level in the soi l , in d i tches of a f i rs t and second o r d e r and the m o i s -
tu re content in the root zone. P rob l ems on drainage or on water application 
can be solved, but a lso the d ischarge data, integrated for a catchment a r e a , 
may be used as a bas i s for r ive r regulation des igns . Because further the 
crop react ion depends on the a i r - and wate r content of the soil , the equation 
for the desorption curve r e p r e s e n t s the link between the hydrology of the soil 
and the plant response with respec t to this hydrological condition. The four 
formulae together allow to calculate a large number of c r o s s re la t ions be-
tween important v a r i a b l e s . The main p rob lem, however, i s what values the 
many constants should be given. The determinat ion of the constants will be 
the problem to be d i scussed next . 
Determinat ion of the soil moi s tu re p a r a m e t e r s 
Two methods a r e available with which even in conditions under which 
no labora tory i s at hand or specia l is t a s s i s t ance is avai lable , the water 
management situation can be analysed. These methods a re based on soil 
mois tu re determinat ion or on groundwater depth readings . The de terminat ions 
of the soil mois ture content r ep resen t a valuable tool in studies on fields, 
where the groundwater table i s deep, whilst the determinat ion of the ground-
water depth is most useful in studies on more shailowly drained fields. 
The determinat ion of the soil mois tu re content, to be expressed as a 
volume percen tage , r equ i res soil augers with which c o re s of a known volume 
can be taken and asks for drying and weighing. This can be done cheaply and 
Rij tema, P . E . , 4965. An analyses of actual évapotranspi ra t ion 
Agr i c . R e s . Rep. 659» p . i -107; Techn. Bull . 32, Institute for 
Land and Water Management Resea rch , Wageningen. 
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simply, as described by Bourrier . A roman balance can be constructed 
at very low cost, the drying can be done by mixing the soil with common 
household spirits which, when lighted, evaporates the soil moisture. 
A further valuable information is comprised in the de sorption curve. 
Although this curve is not decidedly necessary, its availability can be help-
ful. At lower values of the moisture s t ress up to pF 2.7 the determination 
can be done with the sand tank method as decribed by Stakman. 
At higher s t resses the extraction of water by sunflowers provides a simple 
and practical method to determine the wilting point at pF 4 .2 . The point 
for pF 6. 0 can be obtained by determining the soil moisture content of a 
soil which, put in a dish, is left to reach equilibrium with the atmosphere 
in the laboratory. At least 5 points of the desorption curve should be a s -
sessed to obtain it with reasonable accuracy. 
The soil samples for soil moisture content determination should be 
taken once a week in some four successive layers of 20 cm thickness during 
a sufficiently long period to ensure that the moisture relations are known 
under different conditions of rain or drought, heat or cold, cropped or bare 
soil. The accuracy of the moisture determination should be tested by com-
paring the observations of successive layers or weeks of sampling. 
The groundwater depth readings should be made in a tube, constructed 
of clay drain t i les, plastic drain pipes or perforated metal pipe. The obser-
vations have to be done on a weekly basis . Together with the observation of 
the groundwater depth, the level of open water should also be read in the 
nearest water course to which the groundwater drains. If no water course 
is present and the groundwater flow is determined by a gradient in the ter -
rain, the direction of this gradient has to be determined by levelling the 
groundwater depth at a number of points. The gradient *«• in this case has to 
be determined as the difference between the water levels at two points situ-
ated on the line of maximum groundwater slope. The observation wells should 
reach to a depth in excess of the deepest groundwater level to be expected, 
and should be repCeatediy checked on silting up or decrease of the depth of 
the bottom of the tube. 
* Bourrier , J . : Bulletin Technique de Génie Rurale. Nr. 61, mars 1963, 64pp. 
Stakman, W.P. and G.G. v.d. Harst: Soil moisture retention curves I 
Range pF 30-42 
Harst, G.G.v.d . and W.P. Stakman: Soil moisture retention curves II 
Range pF 0-27 
Nota 159 and 81, Inst, for Land and Water Management Research. 
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The water balance derived from moisture contents 
The soil moisture contents are first plotted for the successive layers 
against each other - as given in fig. 7 - or against the total moisture content 
in the part of the profile that was sampled. These curves provide a first in-
dication of the moisture content at field capacity and wilting point for the 
upper layers , in fig. 7 of the order of 27 and 7.5%. Considerations of the 
following type should be taken: in the linear right hand part of the line the 
moisture contents of the two layers vary in relation. At a moisture content 
of 17% the data diverge due to evaporation in the top layers. Would this eva-
poration not occur, then the moisture content could only lower due to drainage. 
And a lowest moisture content of the lower layer of 5. 5% would match with 
a lowest moisture content in the upper layer of 14% and represent an approxi-
mate equilibrium situation, depending on the depth of the water table of some 
10 m. This would be therefore the moisture content at 10 m moisture tension 
or pF 3.0. This example may show that moisture contents of successive layers 
are able to convey a first impression as to the soil moisture retaining proper-
t ies . 
The moisture content data are used to determine the terms of the water 
balance in a way as indicated in the following example. The moisture con-
tents of the layers a re added and the sum represents the moisture volume v— 
of the profile over the full depth of sampling. Also the average moisture con-
tent v of the main root zone is calculated. The following table is then con-
structed: 
Moisture volume v_, 5 May 
Moisture volume v-., 16 May 
Stored moisture -
Rainfall 5-16 May 
Sprinkling irrigation 
Moisture content root zone v 
Pan evaporation 
Multiplication factor n = / E , 
Real evaporation E r = nEp 
Deep drainage 
Extraction from subsoil 
The only magnitude in this example which is not known and has to bs 
deducted is n = 4.45. This is done by drawing a graph as in fig, 8» with 
axes representing log v r and log n. In this graph a curve has to be constructed 
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F ig . 8. 
The mois tu re content in success ive l aye r s bear a ce r ta in relat ion to 
each other , which can be used for adjustment of e r roneous or lacking 
data, for a s s e s s m e n t of accuracy of determinat ion and for obtaining 
some indication a s to the shape of the desorpt ion curve 
reduction factor 
n >^ 
r °/o moisture content root zone 
5 10 15 xx 1.0 
0.5 
-i 1—i—r 
0.1«-
The constants of the evaporation function a r e a s s e s s e d by plotting 
the log E / E values against the log of the soil moi s tu re contents 
and determining the in tercept of the two asymptotes and the inc l i -
nation of the oblique asymptote 
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consist ing of a sloping and a horizontal asymptote , linked together with a 
curved t rans i t ion. It is known that the angle of the sloping par t often is of 
the o rde r of 3. The point of in tersect ion of the two asymptotes is not diffi-
cult to a s s e s s . Pe r iods with abundant rain will show the maximum value of 
n and. the lower l imit of the mois tu re range over which, the cl imatological 
situation alone de te rmines the rate of evaporat ion is found by plotting all the 
in te rva ls with abundant rain along the mois tu re content axis and determining 
the lower limit of these data . This lower limit of the mois ture contents along 
VtKei 
the horizontal line consti tutes the upper point ofl'Sloping asympto te . 
Then the slope of the line of reduced evaporation is found by a step by 
step p rocedure . F i r s t it i s assumed that at wilting point some 10 to 20% of 
the potential evaporation will st i l l be possible a s evaporat ion from the soi l . 
The t ransp i ra t ion by the plant will at this low mois tu re content have become 
négl igeable . With this second point of the sloping line the f irs t approximation 
of the curve in fig. 8 is drawn, and the data of the s e r i e s of mois tu re content 
observat ions a re p rocessed as in the example of calculation just d i scussed . 
Then the resu l t s for the deep drainage and extract ion a re considered 
by inspection as to thei r acceptabi l i ty . If an indication is found that the data 
could improve by increas ing or decreas ing the ra te of evaporat ion, then the 
curve of fig, 8 i s slightly a l te red ti l l acceptable deep drainage and extract ion 
values a re obtained. As the rainfall and s torage a r e known, data for the deep 
drainage and the evaporation data complete the soil moi s tu re balance. 
The wate r ba lance , derived from groundwater depth observat ions 
The a s s e s s m e n t of the water balance t e r m s s t a r t s with splitting the data 
up in groups with increas ing values for the difference in the level of ground-
water z and water in the ditch. For each group the data for the winter , 
when the evaporation is smal l , or the wet season, when the evaporation is a 
constant fraction of the pan evaporat ion, a r e plotted by marking along the 
horizontal axis the values .A z, the difference between success ive ground-
water read ings , and along the ve r t i ca l axis rainfall R minus an es t imated 
value for the rea l evaporation E , If the amount of water s tored is d e s -
cribed as yuAZ, the s torage coefficient u. multiplied with the change in 
water level A Z , then the water balance equation becomes : 
(R - E*) = D + juAz 
As shown in fig. 9 the \ 'alues ( R - E r ) and A Z a r e approximately l inear-
ly re la ted and the value of D and ju can be a s s e s s e d for each group (z-S), 
By plotting I> against (z-S) and AA against z , as depicted in fig. 40, an 
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Fig . 9. The p re l imina ry elaboration of groundwater depth observat ions is 
c a r r i e d out by plotting for winter observat ions rainfall minus 
es t imated evaporation against the change in groundwater depth. 
The intercept with the A. W = 0 line r ep re sen t s the d i scharge , the 
inclination the s torage coefficient 
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Fig . 10. By plotting winter rainfall minus evaporation and s torage against 
the p r e s s u r e head, the dra inage d ischarge curve , valid for winter 
and summer , is obtained 
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average relat ion is const ructed . This f irs t approximation gives first values 
for E and a. . 
The next step i s , to calculate the d ischarge D for each t ime in terval 
and plot for each month (R-B) against A Z according the equation: 
(R - D ) = E r + /*Az 
In this way for each month an average value of E is obtained as r e p r e -
sented in fig. i i . 
The adjustment of E i s somewhat complicated. The values of u plotted 
against z provide an indication of the a i r content for a depth of the ground-
water level equal to z , The mois ture content can be calculated a s pore 
space P minus the s torage coefficient ju . The relat ion between E r and 
the mois ture content in the root sone equal to v = P-/4. i s then calculated 
as descr ibed for the elaborat ion of the data in the pa ragraph for the water 
balance derived from mois tu re contents . 
A few difficulties have to be overcome with the elaborat ion of ground-
water readings . Often the observat ions a re lacking in accuracy . A reading 
e r r o r of 5 cm on a depth of i. 50 m seems t r iv ia l , but at this water depth 
the value of /U may be 0 ,2 or more and the smal l e r r o r in depth means an 
e r r o r of 10 mm in evaporat ion and makes the observat ion u s e l e s s . Water 
depth r e c o r d e r s may simplify considerably the adjustment of the data and 
the solution of E and u. . 
A second point is the complex cha rac t e r of the re la t ions between storage 
a s well as evaporat ion on one hand and groundwater depth, capi l lary move-
ment of the water , evaporat ive capacity of the a tmosphere and influence of 
the stand of the c rop on the other . As an approximate knowledge of the water 
balance often is sufficient as a bas i s for the design of a project , these dif-
ficulties may be of a minor na tu re . If, however, a higher accuracy is de -
s i red or if moi s tu re conditions have to be recons t ruc ted for moments for 
which no observat ions a r e avai lable , then the r e su l t s of a f irst approximation 
have to be adjusted with the help of the available physical functions and with 
further supporting observa t ions . 
So is the curve , obtained by plotting M against z for a per iod with no 
evaporat ion prac t ica l ly identical with the lower par t of the desorption curve 
and could be supported by labora tory de terminat ions of the desorpt ion curve . 
The difficulty in separat ing the s torage from the evaporat ion leads to com-
plicated adjustment p r o b l e m s . A s^ymultaneous determinat ion of the depth of 
the groundwater level and the soil mois tu re contents provides data for the 
s torage and may simplify the elaborat ion of the data considerably . 
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Fig . 11. The rainfall excess R-D is plotted against the change in ground-
water depth A W for the s u m m e r months Apri l (4) to September (9). 
The evaporation E a s in tercept and the s torage capacity 
-™r a r e found 
For r e s e a r c h worke r s which have computer facili t ies avai lable, the 
elaborat ion can be done ent i rely mathemat ica l ly . The formula for adjust-
ment in i ts s implest shape i s : 
? d 
R = az„ + bz^ + cz A z + gE + f 
S s 3 ° p 
2 d 
Here az + bz r ep resen t the drain d i scharge , the cz r e p r e s e n t s par t 
of the desorption equation and is equal to the s torage capacity ^u, The ex-
ponent d has to be chosen for the adjustment and changed till the smal les t 
mean e r r o r i s obtained. The value of g has to be taken constant over the 
yea r and is a r a t h e r crude approximation. If data or\ rainfall , pan evaporat ion 
and groundwater m e a s u r e m e n t s a re available over severa l y e a r s , then a 
monthly g as an average over the y e a r s can be obtained. If a p r e c i s e result,, 
dependent on the mois tu re content of the soil i s des i r ed , then also data about 
the density of the canopy and the length of the crop should be avai lable . The 
adjustment will become difficult and en te r s the province of fundamental 
science at which this a r t ic le was not a imed. 
Methods of curve fitting and a s s e s s m e n t of p a r a m e t e r s 
The benefit to be der ived from using physical re la t ions is f irst ly the 
possibi l i ty to obtain acceptable r e su l t s from data of r e s t r i c t ed accuracy and 
secondly the calculation of the water balance from general ly available data 
as rainfall and calculated evaporat ion. Often it is supposed that formulae 
only make sense if the data a re accura te , but in such a case a graphical r e -
presenta t ion is far more advantageous, because it can more easily be graspsd. 
interpolated and used for a s ses s ing the value under different conditions. 
Fo r inaccura te data, the formulae a re used to a s s e s s what scale functions 
should be selected along the axes to ensu re the eas ies t fitting of curves through 
the sca t te r d i ag ram. The following example can give an insight into the con-
struction and use of an often applicable nomogram to handle all adjustments 
to formulae that can be reduced to the type: 
ax + by + cz = 1 
Between wilting point and a mois tu re content that approximates field 
capacity, a relat ion exis ts which defines the rea l evaporat ion E by a for-
mula of the type: 
"7 } or with Av 
wp wp E„ = A ( v - v   it   = C T x wn' WD 
or (E + C) = Av* 
The a s s e s s m e n t of the exponent 1 r equ i r e s the use of logar i thms . This 
t r ans fo rms the equation to: 
loei E 
r 
l g{  + C) = log A + I log v 
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Fig . 12. Nomogram of the formula E = A(v - v ) for calculation a s well 
a s adjustment of the cons tants . Example x>f the use of nomograms 
for the a s s e s s m e n t of constants 
Z 7 
Ia. this equation the adjustment becomes complicated, because of the 
ƒ position in.the formula of the wilting point influence Ve . Often this effect t 6 r
 W p 
can be neglected, because it is only of importance in case of low evaporat ions. 
In wet ter c l imates the dry conditions a r e often of r e s t r i c t ed prac t ica l impor -
tance . 
The formula can be rep resen ted graphical ly on three pa ra l l e l axes . 
ft 1 i~»CT A 
On the f irs t axis is plotted log (E +Av* ). on the second -*r-**--r- and on the 
third -log v . The d i s tances between the axes a r e Zf{i + •*• ) and 4/(1 +A } 
as shown in fig. 12, on the first and third axis one unit on the scale r e p r e -
sents for instance 10 cm and on the second axis 4/(1 +<c ) units. The zero 
line linking the log (E + C) scale at. the value of E +C = 1 with the log v 
scale at the value v = 1 may be given any des i r ed slope by shifting the zero 
points along the axes and is chosen in such, a way that the values on the E-
axis and those on the v -ax i s a r e marked at about the same height. 
If in fig. 12 the point on the E -a x i s is H, and. the one on the v -ax i s i s B, 
then the following relat ion holds for GH equal to AF equal to CK: 
èEJ-Z*L
 s
 C K
 "
!
"
 K D
 log(E.r + C) + logv „ log (E r * C) + log A/(l + 1) 
i " i / ( / + i ) ° r (i + / ) " I 
£ log (E r + C) - i l o g v = log(E r + C) + / i o g ( E r + C) + log A 
log (E r + C) = log A T .£ log v 
ƒ If loe(E„ + C) is plotted with a few well chosen values of C = Av* , and 1
 • w p 
log v is plotted, the fact that A is a constant ensu res that ail the reading lines 
- linking the E and v-va lues which belong together - will in t e r sec t in one 
point situated on the log A-axis at a point equal to log A. The distance along 
the log A .ax i s to the ze ro- l ine is now m e a s u r e d . If a cer ta in value of C was 
chosen which is not the co r r ec t one, or in case the observat ions a r e not: ab-
solutely accura te , the points of in tersec t ion will s ca t t e r , but the mean point 
of this sca t t e r will be an es t imate for the position of the log A-scale and wi)I 
provide an approximation for Z , A and v 
An example is given in fig, 12 for the following s e r i e s of observat ions: 
v % 6 8 ' 10 13 15 18 20 
E mm 0.05 0 .3 0 .8 1.0 1.9 2.1 3.0 
r 
The observat ions a r e plotted with the same logar i thmic scale along the 
two axes , (E + C) is plotted in' an upward, v in a downward di rec t ion. The r
 / 
value of C = Av* is chosen a r b i t r a r i l y . The z e r o line is chosen with such a 
wp 
slope, that the reading lines form a more or l ess symmet r i c sand glass 
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shaped image . The points of in tersec t ion a r e marked» 21 in number for ? 
p a i r s of observat ions and in horizontal and ver t i ca l d i rec t ion the position 
of the 1 1th point in horizontal and ver t i ca l o rde r i s trmrked as coordinates 
of the ave rage . Through these coordinates the third axis is drawn and the 
point of in tersect ion with the zero line is de te rmined . Now the d is tances DK 
and < / ( / + i ) can be m e a s u r e d and the va lues of -/," A and v can be cal -
x
 wp 
culated. 
Is this construction made for different values of C, then the * and A can 
be a s s e s s e d which produce the mos t credible value for v . The following 
r
 wp b 
table shows what kind of resul t can be expected: 
C = 0 .0 0 .1 0 ,2 0.3 0 .5 i .O 3.0 5.0 6 .5 
1 = 2 .45 2.41 1.99 1.78 1.32 1.10 0.515 0.346 0.282 
A s 182.10" 5 245 .10- 5 871.10"5 155.10" 4 537 .10- 4 0 .134 1.14 2 .58 3.78 
v = 0 .0 4 .67 4 .84 5.30 5 .38 6.17 6.53 6 .79 6.82 
wp 
The resul t shows that a small ranee of v -va lues , together with se ts of 
interdependent values of £ and A, covering a wide range , a re able to give a 
good adjustment of the data . That the value of C is difficult to a s s e s s m e a n s , 
that the point of ze ro evaporat ion occupies a very insensi t ive place in the 
plant - soil mois tu re re la t ion. 
The relat ions in the unsaturated zone 
The re la t ions in the unsaturated zone a r e descr ibed by two c h a r a c t e r i s -
tics» the desorpt ion curve , defining the mois tu re content - s t r e s s re la t ion, 
and the conductivity curve» which gives the relat ion between the capi l lary con-
ductivity and the mois tu re content. Behind these curves a r e the curves for 
the pore size d is t r ibut ion, as given in fig. 13. The pore size dis tr ibut ion is 
a two apex curve , because the pore s izes a re related to two or ig ins . The 
large p s r e s a r e the resu l t of c racks or root ho les , the small po re s a re the 
voids between the soil p a r t i c l e s . The two origins of pore size dis tr ibution 
show up in two frequency cu rves , which in fig, 13A a re drawn as separa te 
probabil i ty d is t r ibut ions , but they may over lap . 
The desorpt ion curve is the integrat ion curve of the pore size distribution« 
The shape of this curve is given in fig, 13B. The curve in fig. 1 3A cons is t s 
of th ree p a r t s AB, BC and CE, and in fig. 1 3B these three ranges can a lso 
be dis t inguished, In the-distr ibution curve & ce r ta in pore s ize will define the 
l a rges t pore p r e s e n t . This maximum size will be of l«s.a than, infinite r ad ius . 
Because between the capi l lary s t r e s s u> and the pore radius a relat ion exis ts 
reading: u/ - ü_ 
7 -
 r 
the p resence of a. maximum pore s ize means that a minimum value of w can 
be dist inguished, which can be used as indication of the presence of lus maximum 
pore s i ze . This is the a i r entry s t r e s s w , the s t r e s s at. which the f irs t 
quantit ies of a i r s ta r t to enter the soi l , provided that no mac ro -po ros i t y is 
p resen t . If mac ro -po ros i t y has to be taken into account, there a r e two of 
these points , the a i r entry point A for the m a c r o - p o r e s and point C for the 
m i c r o - p o r e s . The point A i s , however, situated at a mois tu re s t r e s s that 
is too small to be de termined. The a i re entry point de termined in the labora-
tory conforms with point C. The volume of the m a c r o - p o r e s general ly i s a lso 
small and will normal ly be overlooked. It i s , however, because of i ts l a rge r 
pore d i ame te r of decis ive importance for the permeabi l i ty . 
The law of Fbisjfuille s ta tes that the amount of water flowing through a 
capi l lary pore is proport ional to the fourth power of the pore d i ame te r . The 
m a c r o - p o r e s therefore contr ibute largely to the conductivity, the m i c r o -
porosi ty contr ibutes far l e s s . 
The capi l lary conductivity is the sum of the contributions of all the pores 
which contain water and allow mois ture to flow. These will only be p o r e s be -
low the size which just can hold i ts mois ture against the s t r e s s resul t ing from 
the degree of sa tura t ion. The curve for the capi l lary conductivity will follow 
from the pore size dis t r ibut ion. The size has to be brought to the fourth power 
and these values have to be integrated to give the conductivity curve , as de-
picted in fig. -J3C. In the range OA and BC, where no pores a re p re sen t , the 
conductivity will not i n c r e a s e . In the range AB, where in fig. i 3B the inc rease 
is smal l , the conductivity will increase quickly, in the range E F this i® just 
the r e v e r s e as a consequence of the small pore s i z e s . 
Taking into account that the range OB is too small to allow the d e t e r m i -
nation of y -values - capi l lary s t r e s s e s of a few mm cannot be determined 
in undisturbed samples of a few cm thick - one will find for the conductivity 
curve a simplified shape. The sa tura ted conductivity in fig. 13 C will coincide 
with point K~,. The highest unsaturated conductivity will be situated on the 
line BC where , dependent on the soil , a cer ta in constant value will be found. 
In the range C D / m o r e or l ess s t ra ight line relat ion will be found for the 
lower end if log K, is plotted against w . In the range E F also a s traight 
line can be const ructed , but now if log K is plotted against log f . The p r e -
cise nature of the relation between the desorpt ion curve and the conductivity 
curve is not known. The Poisseui l le equation was mentioned, but does not 
cor rec t ly allow for the effect of the var iable d iamete r of the p o r e s , for the 
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Fig . 14. Example of the possible aspec t s of the curves for capillary-
conductivity. Curve I has a low zero s t r e s s capi l la ry conductivity 
and influence of macro-poros i ty . Curve II has a high zero s t r e s s 
capi l la ry conductivity but a c lea r ly indicated saturated capi l la ry 
zone 
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M 
tor tuosi ty and the ramification of the pore sys tem and for the p resence of a i r 
blocks. The PoSseuille re la t ion, however, is important as a bas is of explana-
tion why the smal l volume of m a c r o - p o r e s often accounts for the l a r g e r par t 
of the saturated conductivity, and why the sa tura ted conductivity, plotted a-
against the mois tu re s t r e s s , often has no c lea r position on the curve for the 
unsaturated conductivity, in fig, 14 an example of a labora tory determinat ion 
of the curve for the unsaturated conductivity is given. 
The de sorption carve 
The data for mois tu re content and mois tu re s t r e s s , if analysed in deta i l , 
provide not only information for the pore size dis t r ibut ion. If the air entry 
point is a s se s sed and the total pore space is measu red , and further a fluent 
line is drawn or calculated through the points depicting the s t r e s s and m o i s -
ture content observa t ions , then four de sorption cha rac t e r i s t i c s a re avai lable , 
which are of i n t e r e s t . F ig . 15 explains the pore space cha rac t e r i s t i c . 
One can dist inguish the capi l lary pore space P which goes with the a i r 
entry s t r e s s d> . The non-capi l la ry pore space A P S is the difference between 
the capi l lary and the total pore space P „ . The mathemat ica l pore space P „ 
is the value of P which gives the best fitting fluent line, dependent on the p r e -
sence of the mac ro -po ros i t y as dist inguished in fig. 13, and is higher than the 
value for P but can be sma l l e r as well as l a rge r than P„,. The value of P T i s 
the value of the pore space determined in the labora tory . The difference 
Prp-P>-= A P is posit ive in case mac ro -po ros i t y is p r e sen t . In case the micro-
porosi ty P g is ze ro , the laboratory analysis provides a positive difference 
P M - P = A P , In case this positive value is obtained, the a i r entry s t r e s s Va 
can be d e d u c e d from the de sorption formula and compared with the laboratory 
de terminat ion . Often the labora tory determinat ion proves to be somewhat highe 
The desorption formula, of an empi r ica l nature which holds well for undis-
turbed not swelling so i l s , i s : 
5 (p - v - U P ) " 
f = — Ï — Z — (5) 
v 
or iog-Çj - log V> = m log v - n log (P,T - v - A P . ) 
5 ^ P £ 
The a i r entry value is W = ~ « -
' / a m 
v 
In the following d iscuss ion , the distinction between / iP5 and ^ P a » only-
differing in sign, will be neglected. 
The formula will often be used in the shape of 
b <C*- pF) = p log v - (4-p) log <P*~ v) 9 * s l o ë 9 
D
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Fig. 4 5. influence of the p resence of a saturated capi l la ry zone with pore 
space P and of mac ro -po ros i t y with pore space P „ on the 
desorpt ion curve and the position of the pore space P M found by 
mathemat ica l adjustment. A P can be positive or negative but 
i t s negative value cannot exceed & P 
6 8 C . 4 3 / 1 4 / 3 . 4 
As will be shown, a major problem with respec t to the UEe of the formula 
is to obtain in an easy way an indication of the value of (Pf- A P e ) anc* °^ f > 
a difficulty which a r i s e s from the inaccurac ies in the determinat ion of the 
data . 
Assessmen t of the constants 
F o r the solution of the desorpt ion equation as well as for curve fitting 
three solutions a re available. 
The f i rs t and second solution use the nomogram with three para l le l l ines , 
see fig. 16A and B. In fig. 16 A the right x -ax is r ep re sen t s in an upward 
direct ion the log v -va lues , but is marked with the values of v itself. The 
left y -ax is is cal ibrated in a downward direct ion with iog(P^ -v) , but a lso in-
dicated with v -va lues . In this d iagram the reading l ines A-A' and B - B ' for 
log ^ - v a l u e s of 1.5 and 6 a re drawn. These l ines link the points for v = 2 ,4 
and v = 47 .5% moi s tu r e , which a re the mois tu re contents obtained by analys is 
going with the s t r e s s e s log W ~ 1.5 and 6 .0 , i£ o ther , but identical mois tu re 
content values on the x- and y-axes a re connected, then at the in tercept with 
the z~axis the matching log U/-value is indicated. 
When constructing the nomogram, the position and cal ibrat ion of the z-
axis i s , however , not yet known. The construction is a s follows: 
The ver t i ca l distance between the two reading l ines has to be divided in 
the log UJ in te rva ls of the observa t ions . The line for log H> - 3 is drawn at 
( 3 - 1 . 5 ) / (6 .0 -1 .5 ) - or l / 3 of the distance between the two lines - from the 
A-A1 l ine, the line for 4 .2 is situated at (4. 2 - 1 . 5) / (6 . 0-1 . 5) par t of the d i s -
tance between the l ines from the A-A' l ine . This sys tem of l ines is indicated 
in the nomograms of fig. 17 as the U^-lines . 
Next a second system of l ines is const ructed, indicated in fig. 1? as v-
l ines , which link the v-va lues on the two axes which match with the succes -
sive log ^ / -va lues . The points of in tersec t ion of the drawn i f - l ine and the 
dashed v- l ine for the values of the ana lyses a re marked with a c i rc le and 
through these c i r c l e s the ver t i ca l log W -axis is visually adjusted. The in ter -
section with the A-A' line is marked with log V = 1.5, the in tersect ion with 
the B-B ' line with log &~ 6 . 0 . The u/ -scale is constructed as a me t r i c scale 
between these two points , the value of b is calculated as the rat io 
/*u/~ L / (6 . 0 - 1 . 5) M
 r in which L is the length along the log W -axis between 
the A-A' and B - B ' l ine, u is the scale unit of the log v and log (P*-v) 
axes and (6 .0 -1 .5 ) is the number of log f -uni ts between the A-A' and 
B - B ' l ines . The nomogram can be used for fitting the formula to the obse r -
vat ions , but with the three axes co r rec t ly ca l ibra ted , each reading line linking 
- 35 
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Fig. 16, Construct ion pr inciples of the nomograms for the formula 
b(G~log H7 ) = p log v - ( l-p)log (P-v) for calculating Y or v and 
adjustment of the constants b, G, p and P. The nomogram in 
fig, 16B is more specially advocated for a s s e s s m e n t of P 
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Fig. 16. Construction principles of the nomograms for the formula 
b(G-log f ) = p log v - ( l-p)log (P-v) for calculating Y or v and 
adjustment of the constants b, G, p and P. The nomogram in 
fig. 46B is more specially advocated for assessment of P 
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log(P-v) 
DATA 
0.00 
log y 0.4 T Ö 1 . 5 2.0 2.3 2.7 3.4 4.2 60 
v 510 50.1 47.1 40.6 33.3 28.2 170 9.4 2.6 
Fig. 47. Example of adjustment of the given data, according to the nomogram 
of fig. 46A in which for every value of P to be tried a new sheet 
has to be worked out 
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two equal values of v on the outer axes with the value of U> on the middle 
axis forms a solution of formula 5. In this way the same nomogram is used 
for a s ses s ing the constants as well as for solving the formula. 
This nomogram is s imple , but has the disadvantage that the a s s e s s m e n t 
of the value of P* r equ i re s the repeated construct ion of the whole nomogram. 
The necess i ty of repeated construct ion can be evaded by cal ibrat ing the outer 
axes both in upward direct ion with u . log v and ju7 log W in which the ra t io 
/* *//*•? *s s e ^ e c t e ^ *n such a way that the observat ions for log v and log y 
cover about the same length of each ax is . F ig . 4 8 shows how this nomogram 
is made . Often a rat io /xjM? - 3 is sui table. The log v-ax is is again indi-
cated with v. The two reading l ines A-A' and B-B ' for log <P -data of 
appropr ia te value - here 0 .4 and 6.0 ~ a re drawn, which in te r sec t at C. Now 
between these two lines on ver t i ca l d is tances equal to log (P*~v) and plotted 
at a convenient sca le , the values of log (P*-v) a re marked in such a way that 
the values of log (P*-v) for log f> - 0 .4 and 6.0 a re situated on the A-A' 
and B - B ' l ines . A set of l ines is constructed for success ive values of P*, 
These l ines a r e in the top right hand side of the nomogram indicated a s 
10 log (P' -v) l ines . 
Now two sets of l ines a re cons t ruc ted . The dashed(P -v) l ines connect 
the (P' -v) values of the analysis as marked on the a r b i t r a r y log (P ~v) axis 
with point C. The third set o f ' v , w - l ines connects the values of matching v 
and «-'-values and in t e r sec t s with the (P'.-v). l ines . The points of in tersect ion 
of the matching (P -v) and v, UJ - l i nes -be long ing to the same observa t ion« 
a re marked and these markings should be situated on a ver t i ca l l ine. In case 
the value of P is not co r rec t ly es t imated , then for lower values of (P*-v) 
- or higher values of v - the points fan out to the left if P* was taken too 
low, or to the right if P was taken too high. A new value of P is selected 
and a new a r b i t r a r y log (P*-v) axis of the set of 10 log (P* -v) axes is drawn. 
Because the distance between the values (P*-v) to be situated on the A-A' 
and B - B ' l ines v a r i e s , the new axis will not coincide with the fo rmer one 
and the construct ion can be repeated on the: same sheet of paper , with only 
the (P*-v) l ines changing. F ig . 18 gives an example of the construct ion of 
the success ive approximations of the log(P*~v) ax i s . 
The in te rsec t ions of the ve r t i ca l line through the constructed points with 
the A-A' and B - B ' l ines again provide two points of the 3.8? log(P*-v) 
scale and the cal ibrat ion can be const ructed , the magnitude of a scale unit 
can be a s s e s s e d , the ze ro line through the points v and (P*-v) equal 1.0 
can be drawn and at the in tersect ion of the ze ro line with the log y^-axis 
39 
DATA 
FH50.2 ' o g ^ 
V 
P=49.1 P-V 
48.9 
48.8 
48.7 
48.65 
48.6 
0.4 
48.5 
0.6 
0.4 
0.3 
0.2 
0.15 
0.1 
1.0 
48.3 
0.8 
0 .6 
0.5 
0.4 
0.35 
0.3 
2.0 
4 7.2 
1.9 
1.7 
1.6 
1.5 
1.45 
1.4 
4.2 
30.8 
18.3 
18.1 
18.0 
17.9 
17.85 
17.8 
6 .0 
7.1 
42.0 
41.8 
41.7 
41.6 
41.55 
41.5 
ft °> 
10 log ( P - V ) 
10 
C-. (0 
00 00 
oo 
od 
Fig , 48. Example of adjustment of the given data according to the nomogram 
of fig, 16A in which a number of a t tempts with different values of P 
can be constructed on the same sheet 
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the value of Ç can be read . 
The formula can now be calculated by determining: 
m = /*'.'» "" ' and n = =*-
/"2<1 / * 2 q 
The values of /4*, /*% an<* ^ 3 a r e ^ e s c a * e units for the 10 log v - a x i s , the 
4 log ^ - a x i s and the 3.87 log (P*-v) ax i s . It is advisable to indicate the scale 
not only with the var iable - for instance (P*-v) - but a lso with the function 
- log (P*-v) - as well as with the length of the scale unit used - therefore 
3.87 log (P*-v ) . 
The advantage of this nomogram is that on one sheet of paper the solution 
c 
for a number of P-va lues can be worked out and comparison of the shape of 
the F - l i n e s , in fig. 4 8 obtained, in the success ive solut ions, allows more 
readily to make an es t imate of the final solution for P . 
The disadvantage of the two nomograms i s , that in case of r a the r inaccu-
ra te observa t ions , the solution becomes difficult. Inaccuracy of the values for 
log W = 6.0 i s t roub lesome, because the solution is sensit ive to this value. 
The same holds for the lower observat ion, providing line A~A', for which 
the value of o> has to be chosen above the tension of the a i r entry point and 
this value i s often not known. 
A third solution which in the case of inaccurate data may be helpful i s 
the one in which log w i s plotted against -log (P*-v) as well as against 
+log v as depicted in fig. 19. It can be proved, that the line E F , linking the 
points of in tersect ion of each curve , has re la t ive to the log f -axis an in-
clination equal to b . The line E F divides each horizontal line GK according . 
a ra t io p to (4-p). The distance AB between the a rb i t r a r i l y chosen ze ro points 
of the log v and log (P*-v) ax i s , if divided in a ra t io 
BM _ J P _ 
AM 1-p 
provides a point of in tersect ion L o f a ver t i ca l line through M and the oblique 
line E F . This point L indicates on the log y / -ax i s the value of A. F u r t h e r , 
the tangent l ines on the curved log v-l ine in E and the log (P*-v) line in F p r o -
vide values for the approximation of the desorpt ion cu rve : 
y . = G1 (P*- v ) m l and f = G 2 v m 2 
for the dry and wet ends of the mois tu re s t r e s s - mois tu re content re la t ion. 
The las t equations a r e used if a simplified mathemat ica l re lat ion for the 
ri 
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Fig. 19. Example of a method for adjustment of desorption data, which 
may be helpful in case of inaccurate observations 
- *z 
lower or upper par t of the desorption curve is considered acceptable . 
The soil mois tu re profile 
The mois ture profile of the soil is related to the soil mois ture s t r e s s 
that p reva i l s at the point of sampling according the relat ion that was d i s -
cussed in the pa ragraph dealing with the desorption curve . If at any layer of 
the profile this mois ture s t r e s s 0/ is equal to the height z above the ground-
water table , then the mois tu re dis tr ibut ion in the profile is in equi l ibr ium 
and no capi l lary flow will occur . 
If any flow is p r e sen t , this means that the difference (f> - z) will depar t 
from ze ro and will vary in upward or downward d i rec t ion . Moisture will be 
ext rac ted or s tored in the success ive l aye r s of the soil and the mois tu re s t r e s s 
0/ will the more diverge from the values z for the height above groundwater , 
the higher the ra te of flow v or the lower the unsaturated conductivity k^ 
of the soil i s . This divergence can be appreciable in case of upward capi l lary 
flow and soil mois tu re ext rac t ion . F o r downward flow the divergence from 
the equil ibrium profile is much s m a l l e r and, due to the inconstancy of the 
rain as compared with the far l e s s var iable evaporat ion, l a s t s much sho r t e r . 
The d iscuss ion will therefore cent re on the upward capi l lary flow. 
The extract ion v of soil mois tu re from the profile should be descr ibed 
by a non-s teady flow equation. Because , however , these equations a r e r a the r 
c u m b e r s o m e , the use of an approximation is proposed, assuming that the 
extract ion from each layer is the same . This i s descr ibed by: 
o r 
v 
dv 
= k 
dz 
- 1 
a v 
(az + b)v = Z 2. v 
* ' c c 
z
s
+z
o 
z - the height of the soil surface 
above the groundwater table 
z = a p a r a m e t e r governing together with 
° z the l inear increase of the quan-
tify of water that flows upward 
v = the flow at the height z 
v = flow at the soil surface z , often 
equal to the rea l evaporation E r 
k ^ = capil lary conductivity at height z 
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T h i s m o i s t u r e flow i s a l s o dependen t on the c a p i l l a r y conduc t iv i ty k „ wh ich 
m a y be d e s c r i b e d by: 
k = k e 
c o 
if 
The v a l u e of k i s ob ta ined by c a l c u l a t i n g the v a l u e of k for W = 0, 
T h e equa t i on f r o m w h i c h the so i l m o i s t u r e p r o f i l e can be d e d u c t e d can be 
w r i t t e n a s : 
z + z 
z +z 
e o 
v = k e" ' j —*- - 1 ld* ) 
H e r e -s4- i s the g r a d i e n t in the u n s a t u r a t e d z o n e , by -1 the g r a d i e n t due 
to g r a v i t y i s g i v e n . T h e d i f f e r e n t i a l e q u a t i o n c a n be so lved and a f t e r s o m e r e -
w r i t i n g b e c o m e s : 
( * + 1 (, + v. = {< - e - ^ ) 
z + z krt 
8 O ° 
The shape of the c u r v e s , which follow f rom t h i s e q u a t i o n , a r e g iven in the 
fol lowing t a b l e : 
Constants 
v =0.4 cm/day 
k =20 cm/day 
z - 150cm 
8 
1 
Z 
o 
z cm 
20 
50 
100 
ISO 
160 
166 
159 
158 
0 
20. 
50. 
104 
188 
244 
CO 
0 
4 
150 
20.2 
51.2 
107 
202 
311 
CO 
CO 
20.5 
52.0 
111 
218 
OO 
The a s s u m p t i o n of a l i n e a r i n c r e a s e of the e x t r a c t i o n i s a s i m p l i f i c a t i o n . 
The equa t i on can be t r a n s f o r m e d i n t o : 
de • * y <K<f CX, V , 
o r 
dz 
dx 
t(z) 
+ Px = - Q 
o 
P ~ + C*. Q = -
CX.V, 
dz 
f ( a ) 
T h i s i s a w e l l - k n o w n equa t ion which can be so lved if £{îs}e~ dz can be 
i n t e g r a t e d . 
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A quantity v of 4 m m / d a y is flowing upward under influence of the g ra -
dient due to mois ture extract ion at the soil surface . Dependent on the d i s t r i -
bution of the extract ion over the profile the inc rease in mois ture s t r e s s , as 
compared with the equil ibrium s t r e s s f - z, changes . The more the ex t r ac -
tion is concentrated in the upper l aye r s of the profi le , the higher the mois tu re 
at a cer ta in ra te v of upward flow can be lifted. The difference between z 
C ÎTÏ21X 
for z = 0 and z = cv> is 8 cm for v = 4 m m / d a y , but this difference he-
o o c 7 
comes l a r g e r the lower the ra te of upward flow. 
If this equation is used for the assumption that the flow of water through 
the profile has the same value in any layer , meaning that the capi l lary r i se 
cons is t s of wa te r drawn from the groundwater , the situation i s defined by 
taking z = oo . This r e su l t s in 
(* - Vex ) / ( « + z J * i 
and 1 / (z + z ) = 0 
o s ' 
and leads to the simplified equation (Rijtema, 1965 }: 
('--K-rO-u-.-'') 
A further simplification is poss ib le . F r o m the las t mentioned formula 
may be derived the express ion: 
k 0 ( l . e - » ^ - ' ) ) v 
c 
e - 1 
In c a se s where f is large compared with z, the value of e 
can be neglected. By putting v = E , the express ion for the rea l evapo-
rat ion, a s sumed to be a steady flow, can for conditions in which the availabi-
lity of the soil mois ture is the l imiting factor be der ived by the use of the 
equation; ^ 
E. 
e - 1 
* Ri j tema, P . E . : An analys is of actual évapot ranspi ra t ion . 
Agr ic . Res . Rep. 659, p . 1-107 
4 c, 
In case of values of A Z above 2.5» an easy a s s e s s m e n t of c*. and k 0 can 
be made by plotting In E against z according 
In E = in k - « z 
w o 
This is a s t ra ight line relat ion with intercept In k and tangent c\ . 
If - what is common - v is very small compared with k_ and v / k 
c 7 c o c o 
can be neglected against 1, the equation reduces to 
This solution shows, that a la rge value of k r e su l t s in a mois ture s t r e s s p r o -
file which does not percept ively differ from the equi l ibr ium profi le . The rate 
of capi l lary r i se then depends on the intensity of the r ea l evaporat ion, which i s s 
as will be shown in the next pa rag raph , a function of the mois tu re s t r e s s in the 
root zone. 
This si tuation, for which the equation needs not to be used and only the 
desorpt ion curve is of impor tance , occurs often. The c a s e s , however , where 
the capil lary supply of water is smal l , a re agr icul tura l ly of importance and 
the t rea tment of observat ional data to solve the p a r a m e t e r s , dese rve c loser 
attention. In fig. 20 a graphical representa t ion of the equation is given. 
The fitting of the data for groundwater depth, evaporat ion and mois tu re 
s t r e s s to this formula will be influenced by the method of a s sess ing the 
values of E and of the s torage capacity ju. . The value of JUL is equal to the 
a i r content of the top layer of the soi l . Are these values obtained by an ana-
lysis of the groundwater depth, then in the equation for the mois ture profile 
z is equal to z . Is the analysis done by studying soil mois ture de terminat ions 
from samples taken at success ive depth, then z and z differ. 
3 
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Fig, 20- Example of the relat ion between soil mois tu re s t r e s s V , velocity 
of capi l la ry r i s e v and groundwater depth z for k = 10 cm, 
oc = l / 3 0 and z = 150 cm. The dashed l ines a r e tor z = 0 and 
infinite ° 
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Calculation and a s s e s s m e n t of constants 
The a s s e s s m e n t of the constants can be done with a nomogram, although 
the nomogram is complicated and the adjustment of the constants is not very 
efficient. The nomogram has , however, the advantage that no calculation 
e r r o r s have to be feared. 
The nomogram consis ts of 8 para l le l axes and 3 oblique zero lines» 
which also a r e ca l ibra ted . In fig. 21 the nomogram is r ep resen ted , The 
significance of the values indicated along the axes is the following: 
The sca les along the axes a re cal ibrated according to the construction 
of the formula, but the indication is done with the va r i ab le s taken up in the 
formula. F o r axis i for ins tance, the values indicated numer ica l ly a re cal -
culated as « z . The calibration» however, is c a r r i e d out for 20(1 _ e " ' } . 
This axis is located at the zero-coord ina te in the horizontal d i rec t ion. 
For each a x i s , in the table below, the number as indicated in the nomo-
gram is given and the horizontal distance between each axis and axis n r , 1 
is mentioned as the horizontal coordinate . In the third column the scale 
which is marked along the ax is , i s given. In the fourth column the values 
a r e indicated of which the numera l s a r e used to mark the points of the s ca l e s . 
Axis 
1 
2 
3 
4 
5 
6 
i 
8 
9 
40 
a 
dis tance 
0 
ze ro line 
70 
ze ro line 
ze ro line 
74.7 
88.5 
99 .3 
440 
2^0 
280 
scale function 
20(1 ~e~AZ) 
2 0 { l + W ) / ( 2 . m + W ) 
i8(i-e"*f) 
20«z(ocz + i ) 
2 0 ( 2 * z o - l ) 
I6 .8{4~e '"^) 
4 3.5(4-e-*P) 
10 .46( l - e"* f ) 
pivot line 
pivot line 
500 W 
numer ica l value 
c* z 
W = ( z „ - 1 ) v / ( z , + s O k _ x
 o c o S' o 
ex y; 
o t Z „ o 
CÀf 
immate r i a l 
immate r i a l 
W 
<*{zo + z s ) 
A zero line is an oblique axis which links the zero points of the two adja„ 
cent pa ra l l e l axes , a pivot line i ^ a r b i t r a r i l y cal ibrated axis on which the 
reading l ines in t e r sec t . The value, which might be read from such an axis i s , 
however, as an in termediate resul t of calculat ion, immate r i a l for the solu-
tion. 
The axes 7 and 8 a r e given in addition for the cases when higher values of 
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r0.00 
© 
-0.10 
dz 
•0.50 
-1.00 
--1.50 
-2.00 
2.50 
3.00 
Fig . 21. Nomogram for the calculation of unsaturated upward flow for 
dec reas ing extract ion at increas ing depth. The axes 6, 7 and 8 
should be used in c a s e the sca le along axis 14 is taken \i. = 500, 
400 or 50 
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W have to be used, surpass ing the highest values indicated on scale 11 . Fo r values 
of W as indicated on axis 11» the value of d,u> should be read on scale 6. If the values 
along axis 14 a re multiplied by 5 or 10, then thedu» should be read on scale 7 or 8, 
The dashed reading l ines drawn in the nomogram as an example , a re constructed 
for 'W/lO as appears by comparing the values indicated at the points of i n t e r s ec -
tion on the axes 2 and 11 . These values a r e 0.14 and 0.014. This points at the 
use of a sma l l e r modulus . Because the nomogram is not used with modulus JJ-t~ 
500 but with / t - 50, the solution for af~ 1.6 has to be read from axis 8« 
The nomogram can be used for adjustment of the constants oC, s and k . 
° o o 
The values of z> z and v - E will be available and w will be solved from the 
s c r 7 
known soil moi s tu re contents with the aid of the desorpt ion curve . The adjust-
ment is done bv assuming a value for cc , z and k . If for each observat ion the 
fe
 o o 
reading l ines a r e drawn, using the observed values of z, z , v and u\ then with 
co r r ec t va lues of ot and k the l ines will all in te r sec t on axis 5 for cAz0. The 
o 
value assumed for z to calculate W must compare with the average of the values 
read at the in te rsec t ions on axis 5. If these values a r e not equal, other combi-
nations of c* and k have to be t r ied out t i l l the data fit sufficiently with the ob-
se rva t ions . This fitting of values to the equation of the soil mois ture profile is 
r a the r complex, but the r e su l t s will show that often some of the constants can be 
neglected. In case of a good pervious soil the value of k i s high and this means 
as was a l ready mentioned, that the formula simplifies to z «f^ -j U/. 
This s imple solution i s , however , of r e s t r i c t ed use if the equation is intended to 
help determining at what value.of z the capi l lary r i se becomes too small to 
supply the plant with sufficient wa te r . In this case the a im of the investigation i s , 
to a s s e s s to which extent the soil d r i e s out to a mois tu re content lower than the 
equi l ibr ium mois tu re prof i le . This i s shown by the value of w , which then is 
l a r g e r than z. 
Evaporat ion and soil mois ture content 
The mois ture needed for the evaporation by plants is derived from the main 
root zone. The root zone is replenished, if not by ra in , then by capi l lary supply 
from the subsoi l . Between the capi l lary supply v of the previous pa ragraph 
and the rea l evaporation E exis ts a d i rec t re la t ion. 
The evaporat ion, as par t of the t ranspor t p r o c e s s with respec t to the uptake 
of substances needed for plant growth, i s based on the same laws of l inear flow 
and minimum s t r e s s as the uptake of plant nutrient® and identical bas is leads to an 
equation of s i m i l a r shape . In this formula-4h«-soil p rope r t i e s define together the 
flow res i s t ance p a r a m e t e r A, which was a s s e s s e d to read as follows (Visser , 
1964'"}: 
V i s s e r , W.C. : Moisture r equ i rement s of crops and rate of mois tu re depletion of 
the soil, Inst, for Land and Water Managern. Res . Techn .Bul i . 
32, 1964. 
50 . 
4 L k W 
o T < 
n JL = t h i c k n e s s roo t zone 
A = ~~ö~7 TTTT^ TTT7 =T k_ = capillary conductivity k extra-
(n-,)dZ{^|f7(|f77j o
 poUtcdto ^= 0 
US = air entry stress 
d = radius of moisture extraction n = exponent in equation k = 112. J k 
for a single root k = capillary conductivity at mois-
r = radius of the root ture stress iu 
Because plant properties as the thickness h of the main root zone, the 
density of the root system i/d or the average root diameter Zr are difficult 
to assess in the soil, the value of A will usually be determined by an adjust-
ment technique and not from direct measurements. The equation may, how-
ever, be useful to transfer experience from one set of conditions to another. 
The evaporation is calculated from an equation which is similar to the 
growth equation and which reads as follows: 
(• 
The equa t ion i s r e p r e s e n t e d g r a p h i c a l l y by fig. 22 , a s s u m i n g tha t the 
m o i s t u r e con ten t v a t wi l t ing poin t m a y be n e g l e c t e d , o r the o m i s s i o n be ing 
W P . 
c o m p e n s a t e d by c o r r e c t i n g the f ac to r A and the exponen t < a s w a s done in the 
p a r a g r a p h on m e t h o d s of c u r v e f i t t ing and a s s e s s m e n t of p a r a m e t e r s . As 
va lue for the p o t e n t i a l t r a n s p i r a t i o n , a c a l c u l a t e d v a l u e of E can be u s e d , but 
often da t a of an e v a p o r a t i o n pan a r e m o r e p r a c t i c a l . 
A d j u s t m e n t of c o n s t a n t s 
In the a d j u s t m e n t of the c o n s t a n t s g, A, £ , v and F , one wi l l have to 
c o n c e n t r a t e on the f i r s t t h r e e . The i m p o r t a n c e of the v a l u e of F „ i s r e s t r i c t e d 
and by t ak ing F , = 0 . 0 5 g A , no t m u c h n e e d for f u r t h e r a d j u s t m e n t wi l l r e m a i n . 
T h e a d j u s t m e n t i s c a r r i e d out by m a k i n g u s e of the p r o p e r t y of the equa t ion 
tha t two c u r v e s , g iven g r a p h i c a l l y and r e l a t i n g v to E , for two v a l u e s of E 
c a n be b r o u g h t t o c o i n c i d e n c e by shi f t ing the c u r v e s a long the obl ique a s y m p -
tote E = A(v - v ) . In the s a m e way two c u r v e s for E a g a i n s t E for d i f fe -
r * w p ' ' r & o 
rent values of v, can be brought to coincidence by shifting the curves along the 
E r = gE asymptote. 
This shifting is carried out in graphs, obtained by plotting against each 
o t h e r :
 log E r - (log E0 - log E0) . and log v - ^ l I o z M E A 
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->gE0 
Fig . 22. Shape of the relat ion between rea l evaporation E r , potential 
evaporation E and soil mo i s tu re content v according formula 3 
gE^OogËo-logEc,)/ 
log gEo 
log E r » l ( log V - l o g V ) ^ t l o g V 
/ »log A 
log V «log g 0 - log E 0 
log A l 
• - l o g E * I (log 9 - l o g V } 
Fig . 23. Adjustment of formula 3 i s c a r r i e d out by an oblique shift, which 
br ings for different levels of v or E the .curves to coincidence. 
The shift i s represen ted by the t e r m s \log E Q - log E Q ) and 
(log v - log v) 
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as well as: 
log E - <{logv - logv) and log E -< (logv - logv) 
The values of E and v are levels of E and v to which the other sets of 
o o 
observations are reduced. They can be freely chosen. 
For this shift a first approximation of £ has to be made, to be able to 
calculate the correction terms, but then the value of the tangent £ from the 
asymptote can be used for a second elaboration and the values of log g and 
log A are found as the intercepts on the vertical axis. In fig. 23 the principle 
of this curve fitting technique is shown. 
An elaboration with data of sufficient accuracy will show, that the value 
of g is not entirely constant, but will vary during the year. This variation 
depends on the degree to which the crop covers the soil and also in the height 
of the crop effecting turbulence of the air. These effects will only be of im-
portance if a high accuracy is needed. In this discussion they will be neglected. 
Another influence which is left out is the influence of variations in moisture 
content in the root zone. This can be treated by inserting in the equation for 
the evaporation the flow through n horizontal layers. The term T under con-
sideration then takes the following shape: 
E r 
T =ƒ i ~ 
h A. (v<- J , 
is* l 1 wPi) 
By inserting this formula in equation 3 the moisture flow equation for a 
number of parallel directions of flow is given, with conductivity constants A. 
£ J x 
and gradients v. - v , , , 
° i wpj for each layer. 
Evaporation and groundwater depth 
The relation between soil moisture content and evaporation is a rather 
direct one, not accessable to disturbing influences. A point of practical inte-
rest often is, however, the relation between groundwater depth and evaporation. 
This relation can be determined, because the upward flow of moisture 
through soil, plant and atmosphere can be measured at four successive points 
of the flow path. Measurements can be carried out in the atmosphere by de-
termining the vertical vapour transport. The measurement in the plant fre-
quently used is the moisture transfer through the stomata. The equation for 
the moisture movement in the rootzone was discussed in the previous paragraph. 
1 ' 
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Ew mm/day 
&or 
4 0 
3.0 
2.5 
2,0 
1.0 
0.9 
0.8 
0.7-
0.6+ 
June . 
Aug 
July -
Apr 
- D - X - \ D 
Nl 
V P 
EW : 1.06 0,003 5W 
e - 1 
Û c Apr • = July 
+ = May * s A u 9 
a = June o = Sept 
May _ o+ _ 
Sept ~ " a ? " 
? \ 
A_ 
A ~A 
5 0 
A ? 
100 150 200 „W cm 
68C 78 1/3.4 
Fig. 24. Example of the adjustment of data on rea l evaporation with 
r e spec t to the potential evaporat ion in case of l imiting 
cl imatological conditions and to capi l la ry flow in ca se of limiting 
soil moi s tu re contents 
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The measurement of the capillary upward flow can also provide a basis 
for determination of the real evaporation. In the discussion concerning the 
soil moisture profile the formula relating groundwater depth to the velocity 
of upward flow was discussed. This equation only holds in the range of depth, 
where the soil moisture conditions represent the limiting factor for evaporation. 
For the range of groundwater depth, which includes the wetter conditions, the 
following formula holds: 
E / I . -«^- z ) 
In this formula further simplifications as already were discussed, can be applied. 
In fig. 24 an example is given for sandy soil under normal farming conditions. 
It should be remembered, that this equation only holds for situations of 
steady upward flow and should therefore not be used for conditions prevailing 
after rainfall. Because however, in normal agricultural soils the rainwater 
is quickly evenly devided over the soil profile, the equilibrium conditions are 
sufficiently restored in one or two days. Therefore the equations can be used for 
assessing the evaporation if a time-unit of a week or a fortnight is chosen, even 
if some of the days of the time-interval have been rainy. 
Discharge and groundwater depth 
Experience has shown, that in areas with an impervious layer at depth D 
and a wide spacing JL of ditches and rivulets, the discharge equation is render-
ed with sufficient accuracy by: 
W = groundwater depth 
a, , S = water level in ditch 
~ j 2 - t - \ ~ i {,.- conductivity 
d = thickness of the pervious layer 
h = drain spacing 
c ?k4. 
The second power term (W-S) of the common drainage equation can be 
neglected. What however cannot be neglected is, that generally at least two 
drainage bases can be assessed from the observations, a shallow and a deep 
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one, the f irs t consisting of furrows or field d r a in s , the second of deeper 
water cour ses at l a r g e r d i s t ances . This shows up in the d ischarge curve as a 
more or l e s s sha rp bend, which has to be dist inguished from the gradual 
t rans i t ion from a flatter to a s teeper pa r t of the curve in case of a second 
power relat ion. 
The combination of the effect of drainage bases on different levels can 
be achieved by multiplication of the t e r m s for each drainage p r o c e s s . In such 
a formula the drainage equation should be wri t ten as a constant m i n u s the 
ra t io of flow to gradient , or a s C- D/(W-S). The product of two or more of 
such t e r m s has to be constant . This is the same procedure as used for the 
yield equation and the equation for evaporat ion. 
The formula becomes : 
S k ^ 
) 
= F h\ w - si j y h\ w - s2 ' 2 
and more of these t e r m s of the same construct ion can be inser ted if more 
drainage bases show up. F o r instance a subsurface flow to r i v e r s at a con-
s iderable distance may be p re sen t , for which the gradient A W is constant . 
The thickness of the layer of flow cf then depends on the upper l imit of this 
layer and it v a r i e s with the depth of the groundwater W. The thickness of the 
layer i s now inser ted in the formula a s d -W. 
Such a t e r m T, added to the previous equation, would read: 
T = j k ( d - W) 
AW / 
The value of F ? de t e rmines whether the t rans i t ion from one branch of 
the d ischarge curve to the other is an abrupt or a gradual one. An example 
of such a d i scharge relat ion is given in fig. 25. This example de sc r ibe s a 
case in which the drainage base - a distant r i ve r - v a r i e s in level as a r e -
sult of var ia t ions in run-off. 
The adjustment of the data obtained for instance from an analysis of the 
groundwater m e a s u r e m e n t s , is c a r r i ed out by plotting A and W or A and S 
for different c l a s ses of S r e s p . W against each other and drawing s t raight 
l ines through the sca t te r d i ag ram. 
Use of the formulae 
The formulae may s t r ike many des igner s of pro jec ts as r a the r compli -
cated. The aim has been, however , to choose the s imples t equations which 
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D in mm /day 
4 r 
1-
D 
80 100 120 W 140 
groundwater depth in cm 
^ ( w - a . H . b , ) 
a ^ + b ^ S , 
1 - 8 k 2 d 2 
2 
^ ( w _ a 2 H . b 2 ) 
a2H+b2 =S2 
^=F 
Fig, 25. In the water balance often the influence of two drainage bases is 
indicated, of which the lower one shows the effect of fluctuating 
water levels in the main water courses 
68C.43. 23/3.4 
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can be applied over the l a rges t range of hydrologie, cl imatic and agr icu l -
tural condit ions. And compared with the equations to which special is t studies 
often lead, the unwieldiness may probably be considered to be not too ex-
cess ive , 
The equations make it possible to use hydrologie soil p rope r t i e s to ex-
plain actual water balance s i tuat ions . Also the response of c rops or na tura l 
vegetation to mois tu re conditions can be predic ted . One of the valuable 
points i s , that the formulae allow to el iminate uninterest ing va r iab les and 
show that any magnitude can be expressed in each of the o the r s . This may 
clarify re la t ions which remain general ly vague if one has not chosen them 
as object of basic study. 
Groundwater levels a r e easy to de termine and have a p rac t ica l signifi-
cance . Soil mois ture s t r e s s e s a r e an instance of a magnitude which is of 
r e s t r i c t ed p rac t i ca l importance and is far l e ss easy to de t e rmine . Still for 
scientific reasoning, the soil mois ture s t r e s s is normal ly used and this 
makes the r e s u l t s , expressed as function of such a va r i ab le , so difficult to 
apply in p r a c t i c e . The equations obtained show how theore t ica l p rob lems as 
evaporat ion, which a re normal ly expres sed a s functions of Uf , now can be 
rep resen ted as functions of the groundwater depth. In the case of evaporation 
for instance the following resu l t is obtained: 
<x(zo+zs) 
This re la t ion is obtained by taking the r ea l evaporat ion E equal to the rate 
of capi l lary supply v at the soil sur face , where z = z . The equation show! 
that a d i r ec t relat ion exis ts between E and z . defined by a number of soil 
r s* ' 
and crop cons tan ts . Included in the formula is E as the only var iable inde-
pendent of the groundwater depth z and it can therefore not be e l iminated. 
In the same way the s torage capacity can be expressed as a function of z , 
whilst the d i scharge is a l ready given as a function of this technically impor -
tant magnitude of the groundwater depth. 
This possibi l i ty of express ing the water management p rob lems a s a 
function of z can be used in two ways . It can be used to study the influence 
of cl imatological conditions on the water balance for different drainage and 
i r r iga t ion s i tuat ions . But it a lso can be used to predic t the effect of these 
18 -
m e a s u r e s on crop production. 
Predict ion of water balance var ia t ions 
If the co r r ec t constants in the formulae a re found by some adjustment 
p r o c e s s , it becomes possible to calculate for each of the values of the water 
balance t e r m s D , E and ^ U A W with AW = 4 , what groundwater level 
matches with the intensity of each of the wate r balance t e r m s . F o r A W » a 
unit value is taken to calculate what amount of rainfall provides» next to eva-
porat ion and discharge« an inc rease in s torage of i cm. It i s poss ib le , by 
using the formulae, to cal ibra te four axes with the rnm-value - using the 
same scale units for the var ious axes - at one side of each axis and - except 
for the rainfall axis - with the corresponding value of z at the other s ide . 
The resul t i s shown in fig. 2o. 
The four axes a r e united into a rec tangular squa re , along which the d i -
rect ion of increas ing mm is going clockwise, save for the axis for mois tu re 
s to rage , of which the direct ion of inc rease is an t i -c lockwise . This nomo-
g r a m is read by a rec tangular c r o s s on t r anspa ran t pape r . If d ischarge and 
evaporation a re marked on opposite axes , one leg of the c ro s s is laid through 
two points of these two axes with the same value of z g . Then the c r o s s is 
shifted, with the f irs t leg st i l l in tersect ing at the same z -values on the A-
& 
and E - axes , t i l l the second leg i n t e r s ec t s the ^ Û W -ax is at the same value 
of z . The mm of rainfall at the point of in tersect ion with the fourth axis i s 
read . This i s the amount of rain R which would account for the d i scharge 
and evaporation obtained with this groundwater level and the change of s torage 
of Û W = i cm. 
The difference between the rea l rainfall R and this calculated rainfall R 
r e p r e s e n t s the actual "rise or lowering A W of the groundwater level a c -
R-R* 
cording to the relat ion A W = + 1, and by adding this value of A W to 
z g , the groundwater table at the öeginning of the second t ime interval i s p r o -
duced. 
The nomogram has to be constructed for different values of the ditch 
water levels S of the d ischarge formula and for different values of E for 
the evaporation and s torage formulae . This can be done by construct ing c a r -
tes ian side nomograms with the common rec tangular axes , which allow to 
find for each S or E the values in mm for D, E and JUAAV which match 
o w / 
with a cer ta in value of z . 
s 
The nomogram enables one to calculate for an initial value of z g what 
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Fig. 26. Nomogram for the calculation of the response of the water 
balance t e r m s in the course of t ime to the daily or weekly-
rainfall by a s s e s s m e n t of A W 
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the change AW^ is for a given rainfal l , then to calculate the groundwater 
depth zg2 = zg.j + AW^ for the next in terval and then again to a s s e s s the 
value of A W , , This can be c a r r i e d on for a sequence of c l imat ica l condi-
t ions, for instance a c r i t i ca l per iod, in o rde r to find out what the mois tu re 
conditions will be before and after improvement of the drainage sys t em, or 
for different moments and quanti t ies of supply of i r r iga t ion wate r . Any a l t e r -
native solution can be worked out and any s t ra tegy of using the management 
techniques, taken into considerat ion for actual construct ion can be sorted out 
in advance. 
Predic t ion of crop response 
The predict ion of crop response depends la rgely on the abili ty to d e t e r -
mine the coefficients for the success ive s tages of plant growth. Situations 
of excess or deficiencies of water which seldom occur , often a re of great 
importance for the a s s e s s m e n t of the profitabili ty of a project . If data for 
per iods with excess ive rainfall or prolonged drought a r e not available during 
the short t ime of p repara t ion of a pro jec t , this will invalidate the result ing 
design. Therefore exper iments and observat ions on crop growth should p r e -
ferably be s ta r ted as soon as possible and be c a r r i e d out as long as poss ib le . 
An example of such an elaborat ion of data i s given in fig. 2J, in which, 
in o rde r to simplify the problem, the d ischarge is left out. 
The four remaining formulae and the constants which were used, a r e 
given. The formula for the mois tu re profile i s used for z = CN? » the lys i -
me te r formula for the case that the water which evapora tes is d i rect ly r e -
plenished by subsoil infi l trat ion. The mois tu re profile i s assumed to be a two 
layer ca se , the root zone having a constant mois tu re profile and the subsoil 
a mois tu re distr ibution according the formulae 2 and 4 mentioned in fig. ZJ. 
As common var iab le the mois tu re content in the root zone is taken for a 
change. It could have been the groundwater depth as well . 
The a r row and number pointing at each curve give the formula which was 
used to calculate that curve . The depth below the soil surface , where the 
curves (2+4) for the soil mois tu re profile in te r sec t the axis at the right 
hand, shows what groundwater depth z goes with each ra te of evaporat ion E . 
The lower half of the graph also shows, what relat ion exis ts between the 
mois tu re content in the root zone, the rea l evaporat ion and the groundwater 
depth. The upper half shows what the effect of these magnitudes is on crop 
production. The graph and the formulae deal as well with low mois tu re con-
tents and water deficiency as with high moi s tu re contents and water logging. 
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Fig. 27. Example of the response of the c rop yield on groundwater depth, 
moi s tu re content in the root zone, potential evaporation and 
capi l la ry r i s e according the formulae 1, 3, 4 and 5 
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The in termedia te range A-B of mois tu re conditions with optimal growth 
in fig. 2*f i s c lear ly the range at which the project should a im. The lower 
the maximum attainable yield Q, the wider the optimal range and the e a s i e r 
the design and management of the projec t . In a r e a s with low production, a 
very crude a s s e s s m e n t of the mois ture re la t ions will do. A high production 
r equ i r e s a ve ry exact handling of the water management m e a s u r e s on penal-
ty of t r an sg re s s ing the na r row l imi t s of maximum product ion, and 9tray off 
into the ranges of suboptimal growth. 
Asse s smen t of dra in depth 
The most accura te way to predic t the required d ra in spacing and depth 
is the one, d i scussed in relat ion to fig. 26. In the calculation of the v a r i a -
tions in the water balance the elaborat ion can be ca r r i ed out with a number 
of combinations for drain spacing and depth. Fo r each combination, the 
sequence of groundwater depths can be a s s e s s e d . By noting at the same t ime 
the mois tu re or a i r content on the M*M/ - ax i s , the yield curve of a type as 
depicted in fig. ZJ, if calculated with the p rope r cons tants , can be used to 
predic t what yield depreciat ion will occur for each combination of drainage 
cons tants . This method i s , however , the most l abor ious . 
The depth of drainage depends on the point where in fig. ZJ the flat sum-
mit changes over in the slopes of the yield cu rve . These points of t rans i t ion 
can be recalcula ted from mois tu re percen tages into groundwater depths . 
The depth of dra inage has to be taken equal to this groundwater depth, c a l -
culated from the mois tu re content, to which is added the average head of 
p r e s s u r e between the middle of the field and the d ra in . 
If the average runoff is equal to Z> » then the average head of p r e s s u r e 
a 
W is calculated as „, , , ,,.2 
a ^ aW a + bW a *>a = L2 
depth The highest p e r m i s sable d r a i n a g e ^ Wn then i s the maximum groundwater 
level "W according to the yield curve , plus th is p r e s s u r e head W requi red 
for draining away the rainfall su rp lus . The upper l imit for the depth of 
drainage W R i s equal to w = w + w 
n m a 
The lower l imit depends on the lowest water level , acceptable according the 
yield curve , 'for which fig. ZJ gives a mois tu re content of the o rde r of 25%, 
an evaporation of 4. 5 mm p e r day and a groundwater depth at the right hand 
side axis of the lower graph of 90 cm, 
6 i -
The upper level will require some rigid definition of what is intended 
with the d ra inage . If it is only spring dra inage , then a cer ta in a i r content 
in the root zone has to be indicated that should be p resen t in o rde r to s t a r t 
spring growth. The maximum growth ra termay be of the o rde r of 25 kg per 
day, which goes , as depicted in fig. 2^ and formula 1, with an a i r content 
of 5%. This , according to formula 2, means a groundwater depth of about 
50 cm. If an a i r content had been required of 10%, then a groundwater depth 
of 180 cm would have been calculated. 
Would one centre the problem of drainage on the d ischarge of s u m m e r 
rainfall , then the requi red a i r content for unhampered growth at a high level 
of production would have been taken and an evaporat ion intensity would have 
to be defined which - together with the groundwater depth - governs the a i r 
content in the root zone. 
If the evaporation is taken 5 mm and the required a i r content 10%, then 
in fig. ZJ in the lower graph the value of the water depth on the right hand 
side axis is read to be 70 cm. The dis t r ibut ion of rainfall ove r the year and 
the response of the crop to the mois ture re la t ions will de t e rmine , what the 
depth of drainage should be , but it will be c l ea r that for each year a slightly 
different value will be the bes t one. And during the year the r e su l t s of the cal~ 
culated optimum depth of drainage nei ther will be constant . The depth of 
dra inage , due to i ts basic meaning, i s an average value of wide var ia t ions , 
each of which has only a momenta ry validity. 
Assessment of the dra in spacing 
The dra in spacing follows from the depth of dra inage and the agr icu l tura l 
r e q u i r e m e n t s . The actual spacing should be calculated by inser t ing rainfall 
data in the water balance formula, a s se s s ing the resul t ing water table height 
for a given drainage depth and spacing, and calculating the yield response 
with the productivity function. If this is considered to be too laborious» then 
this calculation is replaced by an elaborat ion which uses the rainfall frequen-
cy, a s torage volume and a l inear function for the integrated d i scha rge . This 
la t te r assumption means that the d ischarge is constant and not dependent on 
the amount of drainable m o i s t u r e , which is unsat isfactory, however . T h e r e -
fore th ree acceptable formulae a r e suggested as a bas i s for this simplified 
solution for the dra in spacing. 
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These formulae a r e : 
z = . G / * " b , 
( P - / - ) m 
dS 
dt 
az + bz a)   . W* ) - 2*
 a
 a z +
 »
z
 c) £ R = pt<* 
x  t LZ 
Equation a) is the desorption formula. If the value of u. does not vary 
too much, the denominator can be taken constant. Fu r the r it is known that 
the exponent n is often of the o rde r of 4 . 0 . 
Formula b) is a drainage equation in which S i s the volume of water 
that in the course of t ime can dra in away. The formula especial ly is used as 
a function between L and z. 
Equation c) gives for a cer ta in probability K of t r ansg res s ion the ra in-
fall sum as a function of the length of the t ime interval for which this ra in-
fall sum and r ecu r r enc e frequency are calculated. The exponent q and the 
constant p have for the shor te r lengths of the t ime interval for a cer ta in 
rainfall station a value as follows from fig. 28. 
The first formula will be used in i ts simplified" form: 
z = G ft- or P. = —- = Q x 
dz 
K 2 
F r o m the l a t t e r formula follows: d} S = ~ z 
2 
In formula c) the value of £ R is taken equal to S, meaning that the 
rainfall sum after t days with the given probabil i ty which de t e rmines p 
and t will just sa tura te the soi l , br ing the amount of drainable mois tu re 
to i ts maximum and build up the groundwater table to the soil su r face . This 
i s defined by the equations: 
s =
 Ptq ' {fs_ = ptq ff s ptq"4 
2 dt q 
In the l a t t e r formula z defines the water level at the surface with 
S 
respec t to the d ra ins and r e p r e s e n t s therefore the depth of d ra inage . 
Now seve ra l ways of calculation of the required d ra in spacing a r e open. 
It i s possible to equate: 
_ dS
 = . » , , + b « * a n < J dS = p t ^ - 1 ( g ) 
dt jj, dt q 
In this case a dra in spacing is calculated, which gives a runoff at the 
moment that the water table just has r i s en to the soi l sur face , equal to the 
intensity of the rainfall at the t day according to the probabil i ty function. 
This means that c R = S and that the i nc rease in «£H p e r unit t ime 
max 
dS/dt at that moment just can be dra ined away. 
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Fig . 28. Example of the rainfall probabil i ty in spring in i ts re lat ion to the 
length of the t ime interval 
- Ob 
This means that for z = z
 T 2 ƒ s z s . , , 
s L = q[ - • q l j J (e) 
But an other solution is a lso poss ib le . For this solution it is assumed 
that a period with average ra in intensity R is succeeded by a heavy rainfall 
<ÜR over t days . Fo r reasons of easy mathemat ica l solution it is assumed 
that the quantity <£R of rain has fallen at the beginning of the t days . In the 
preceding per iod the R rainfall has built up a water level z above the dra ins 
a 
and a matching amount of drainable water S . The t -day period adds an a-
a 
mount S of drainable mois tu re and a r i s e of the water level to z . 
r s 
Now the requ i rement is made , that in the same t days the drainage sys tem 
is able to dra in away the amount of rainfall <LR. The probabili ty of r e c u r -
rence of t r a n s g r e s s i o n s of this requi rement - at which the water r i s e s above 
the soil surface or the water cannot be drained away in the same t -days -
is the dependent va r i ab le . 
The l a t t e r solution r equ i r e s the integrat ion of the d i scha rge , which is 
obtained as follows. 
F r o m formulae b) and d) the d ischarge sum can be deducted: 
T 2 dS , , 2 
- L — = az + bz or 
dt 
X T 2 dz . , 2 - ÏL, dbz ,. 
- o L z — = az + bz = dt 
dt b a + bz 
F r o m the formulae follows: 
0 .4343b 
 h f v . f**h*i\ 
6 L \ a 4- bz_ / 
(0 
With the formulae b), c) , d) and f) the design r equ i remen t s can be solved. 
As an example of the formulation of the requ i rements the following problem 
is ra i sed : 
A field under the influence of the average winter ra in will have a d i s -
charge of R = 3 m m , a groundwater level z =70 cm and a matching amount 
3. 
of drainable water S . Then in a time in terval of t = 5 days and a probabili ty 
r
 a 
K of 0. 5%,'an amount of mois ture S , which can be calculated from these 
la t te r va lues , is added to the drainable mois tu re and a groundwater level z 
will occur . A further requ i rement is that the rainfall sum <£ R = S has to 
be drained away in the same time interval t = 5, so that after t days the 
original equil ibrium is r e s to r ed , at which with the original water level z 
a discharge of R = 3 mm is obtained. Finally the time of t = 5 days has to 
indicate an optimum. An interval t < 5 will mean a water level that has 
not yet reached the soil surface. An interval t > 5 will indicate that the 
water level recedes from the soil surface because the drainage capacity ex-
ceeds the increase of the rainfall sum for an incremental increase in time. 
As will be demonstrated, the drainage requirements mentioned are not 
simultaneously achievable. More requirements are aimed at than the number 
which will give a full solution. It is of importance, that one is conscious that 
often the practical requirements are converging on a generally desired goal, 
but that not all the requirements are converging on the same goal. One wishes 
more than is possible« An example will be worked out which shows the effect 
of these conflicting requirements and which at the same time gives an instance 
of how a solution is calculated. 
Example. 
The following values for the parameters are taken; 
In formula b) a =10 b = 0. 1 which are valid for dS/dt in mm and JL in m. 
In formula c) p = 14. 3 q = 0. 57 for t in days, R in mm and the 
probability K = 0,5%. 
In formula d) jf/2 = 0.02 
The general parameters have values: R -- 3 mm t = 5 days 
z = 70 cm R -- S - S 
s s a 
The available formulae allow to calculate the drain spacing in three different 
ways. 
According formula f): 
7 0.4343bt 0.4343 . 0.1 . 5 
if = — _ _ = _ _ _ {1} 
v. i + b / a z s n n y ( , 1+0.01x70 
0 log ___JL___5. 0,041og —•—-—-—~ 
1 + b / az a i +0.01 z 
a a 
According to formulae b) and g): 
T 2 az s + bzj . 10x70 + 0.1 x 4900 n __ r , , . 
h - „__± ? x qt = fi-x-s ~~ x 0. 57 x 5 \£) 
pt<l 14.3 x 5 
According to formulae b), c) and d): 
a s a + bza 2 2 2 q 
\j ~ _ — z ~ % —&~~— 
R s Y 
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z? = 4900 .11LLÈÎ1 ,55.S 2
 T 2 _ 10 55.8^0.1 3115 
0.04 , W 
The resul t according these three equations i s : 
1) L = 1 2 . 0 2 m Z) L = 9 . 7 5 m 3) L = 1 7 . 0 2 m 
By varying the probabil i ty of r ecu r r ence K or the s torage capacity % , an 
identical solution of the 3 equations for L can be obtained, which proves that 
one requi rement was mentioned above the number which allows a solution. 
F o r a value of X - 0.0164 for instance a solution for L = 9.75 m is obtained. 
A sma l l e r probabil i ty of surpass ing the rainfall sum £ R would also provide 
an identical solution of the three formulae for JL at more than twice the ra in -
fall sum used in this calculation and would produce for L the value of 12,02 m . 
As was a l ready stated, the drainage requ i rements which were mentioned 
a r e overdefining the p rob lem. The calculation can only lead to a c l ea r resul t 
if one knows exactly what one a ims at . A disadvantage of the solution i s , that 
the assumption has to be made that the rainfall ëJ-L is concentrated at the 
beginning of the t ime interval t . It means that the solution becomes l e s s ap -
plicable the longer the time interval i s . It i s , however, not difficult to wri te 
down the differential equation for an even dis t r ibut ion of the rainfall c R over 
the in terval t . The n e c e s s a r y mathemat ica l t r ea tmen t of such a formula 
makes this solution uninterest ing however. A solution by t r i a l and e r r o r 
would in that case probably be the most advisable . 
h') 
Summary 
The knowledge about water management relations has grown in the 
latter years to such an extent, that the limiting factor is no longer situated 
in the field of analyses. The accuracy of the design and the remunerativity 
of the project becomes more and more linked up with the accuracy of the 
constants used and the way in which the available knowledge is integrated. 
If comprehensive planning is advocated strongly these days, it is seldom 
realized that this means optimizing complicated functions with scores of 
unknowns, it also means to get the better of a propagation of e r rors which 
requires a careful adjustment of observations to available knowledge. 
This assessment of the correct constants is, as is commonly known 
in mathematical circles,a formidable job. It will not be solved by neglecting 
the difficulties of a correct design, ojr the deterioration of costs—benefit 
ratio rising from the omittance of the specialized knowledge needed to 
solve just these complicated problems. 
It is neither an advantage to study the details of the integrated problem 
along lines of scientific technique without considering how to combine the 
results into a practical solution, or to seek solutions with a vast amount 
of constants which may be difficult to derive on the construction site. It 
also is of slight avail to further the knowledge of one aspect of an 
integrated problem and neglect the large e r rors or lack of details in other 
aspects. The accuracy of the ultimate result depends on the largest er ror 
in the chain of relations. 
Finally the computer is often presented as the solution of all difficulties. 
It should, however, not be forgotten that, besides the fact that these instru-
ments a re not generally available, a computer requires correct formulae 
and constants. And in case simplifications are applied, it is more difficult 
to control what is going on inside the computer, than to check deviations 
during a non-mechanized elaboration. 
From these considerations follows, that it still is useful to select 
formulae which constitute a compromise with respect to wieldiness, 
accuracy and transferability. There is a strong need for simplified methods 
to adjust constants. Further ways of integrating the results of scientific 
reasoning should be divised, which lead to methods which are able to deal 
with practical - often multivariate • units of actual project construction. 
There $senot yet many projects carried out in which the computer is used 
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along lines resulting from physical and plant physiological reasoning. It 
should be remembered that the linear relations which are often used in 
computer programs do not preclude that the t rees grow into heaven or 
that benefits decrease below the costs. 
The main point of concern with respect to the transfer of the water 
management experience is, however, that so little use is made of the vast 
body of knowledge available during the design period or on the construction 
site. This gap will have to be bridged from both sides, scientific as well 
as practical. 
In this article, the principal idea was to construct a method of solving 
water management problems along lines which can be followed by anybody who 
has only the simplest means available of soil moisture research, of yield 
determination and of mathematical elaboration. Much attention was 
therefore given to curve fitting techniques, to adjustment of constants and 
to methods of graphical solution. It is thought to be of considerable 
importance that a project designer is able to select the best value of a 
constant from a number of more or less reliable observations. He also 
should be able to design his own nomograms, in order to get an insight in 
complicated relations. He finally should master methods to calculate what 
influence a small variation of an independent variable has on the dependent 
variable and to check the accuracy of the relations by considering the 
credibility of the result at extreme values, which often allow the best 
comparison with practical experience. 
The paper aims at showing how formulae can be joined to obtain an 
integrated solution. The elaboration of alternative solutions is done by 
varying the values of the parameters of those properties which a re acces » 
sable to change by technical means. The constants of the drainage formula 
constitute an example. They enable one to insert a continuous infinite 
sequence of alternatives in the solution. These alternatives can be 
expressed in units of discharge, of evaporation, storage, groundwater depth 
or of plant production as desired and can give a sufficient basis for the 
assessment of the optimum desirability of any special case in the continuum 
of differing project designs. 
The solution can be shaped to deal with more details by adding other 
formulae for further aspects. The considerations with respect to accuracy 
warn, however, that refinement of some details looses its importance as 
soon as the overall accuracy is limited by other details, known or unknown. 
